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Abstract
Effects of heavy fields on primordial spectra of curvature perturbations are discussed in
inflationary models with a sudden turning trajectory. When heavy fields are excited after
the sudden turn and oscillate around the bottom of the potential, the following two effects
are generically induced: deformation of the inflationary background spacetime and conversion
interactions between adiabatic and isocurvature perturbations, both of which can affect the
primordial density perturbations. In this paper, we calculate primordial spectra in inflationary
models with sudden turning potentials taking into account both of the two effects appropriately.
We find that there are some non-trivial correlations between the two effects in the power
spectrum and, as a consequence, the primordial scalar power spectrum has a peak around the
scale exiting the horizon at the turn. Though both effects can induce parametric resonance
amplifications, they are shown to be canceled out for the case with the canonical kinetic terms.
The peak feature and the scale dependence of bispectra are also discussed.
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1 Introduction
Inflation is strongly supported by recent observations of cosmic microwave background (CMB)
anisotropies [1,2]. In particular, single field slow-roll inflation predicts almost adiabatic, Gaus-
sian, and scale invariant primordial curvature perturbations, and these predictions well fit the
observational results. On the other hand, high energy theories such as supergravity and super-
string theory generically predict additional scalar fields other than inflaton. To reconcile such
a generic prediction of theories with recent observations, it may be suggested that only one
light field plays a role of inflaton while the others are heavy and their effects are negligible. In
fact, propagations of such heavy fields are generically suppressed by their mass and completely
negligible in the heavy mass limit: heavy fields can affect inflationary dynamics only via their
background energy and their effects can be absorbed into the inflaton potential [3].
However, heavy field propagations can lead to non-negligible effects if their interactions
with inflaton are comparable to their mass. In particular, it was pointed out in [4] that heavy
fields can reduce the effective sound speed of adiabatic perturbations significantly. Then, a
lot of works are devoted to the investigation on the effects of heavy fields [5–29]. As discussed
in [12,13,20], even if heavy field propagations have non-negligible effects, they can be integrated
out simply and inflationary dynamics can be described by effective single-field models [30] as
long as time-dependence of interactions are negligible compared to the mass of heavy fields.1
On the other hand, when time-dependence of interactions are non-negligible, it is necessary to
follow the full dynamics of heavy fields in general.
One typical example for the latter is the case when heavy fields are excited for example by
the sudden turn of the potential or the phase transition and oscillates with high frequency. Such
oscillations of heavy fields can affect inflationary dynamics and can be a probe of high energy
physics [8–11, 17, 18, 21, 24, 25, 29, 31, 32]. In general, oscillations of heavy fields generate the
following two significant effects: the modification of the Hubble parameter and the conversion
effect, that is, the mixing between adiabatic and isocurvature (heavy field) modes. Theses effects
can leave an imprint on the primordial curvature perturbations. In particular, the parametric
amplification of the curvature perturbations [8, 9, 18, 24, 25] and the peak at the scale exiting
the horizon during the heavy field oscillations may be observable [10,11,17,21,29].
In this paper, we investigate these effects in detail and evaluate the power spectra and
bispectra of the primordial curvature perturbations in inflationary models with sudden turning
potentials. For simplicity, we concentrate on the case with the canonical kinetic terms in
this paper.2 In our calculations, we take the kinetic basis of primordial perturbations, where
1See also Appendix A in Ref. [22] for the condition of integrating out heavy fields.
2 Although some results depend on this setting, it is straightforward to extend our discussions to more
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scalar perturbations are described in terms of adiabatic perturbations (which are along the
background trajectory) and massive isocurvature perturbations (which are orthogonal to the
trajectory). As explained before, the deviation from the single-field slow-roll inflation caused
by the presence of heavy field oscillations is characterized by the following two effects: the
deformation effect of the Hubble parameter and the conversion effect between the adiabatic
and the isocurvature modes. We first evaluate the primordial power spectrum and show that
the parametric resonance amplification occurs from both of the two effects and the peak at the
turning scale arises from the conversion effect. It is, however, explicitly shown that resonance
effects from the two effects accidentally cancel each other out for the case with the canonical
kinetic terms.3 As a consequence, the peak at the turning scale becomes clear and this feature
characterizes this class of models with heavy field oscillations.
We also evaluate primordial bispectra induced by the sudden turning potentials. The main
source of the bispectra comes again from the deformation of the Hubble parameter and the
conversion effect. The shape and the scale dependence of the bispectrum for each effect is
investigated. We find resonance and peak features in the bispectra as in the case of power
spectra.4 Although the size of bispectra is not necessarily large, our results may be useful for
probing these effects observationally.
The organization of this paper is as follows: In the next section we give our setup to
characterize the sudden turning trajectory, in which there are a slow-roll direction and a heavy
field direction. We then investigate the background trajectory and discuss the deformation
effect of the Hubble parameter caused by the oscillation of the heavy field. By employing the
kinetic basis and introducing the Goldstone boson based on the effective field theory approach to
inflation [30,34,22], we write down the action for the adiabatic and the isocurvature (heavy field)
modes. In Sec. 3, the power spectrum of the primordial curvature perturbations is evaluated
using the in-in formalism. The effects of the deformation of the Hubble parameter and the
conversion interaction between the adiabatic and isocurvature perturbations are discussed in
detail. In particular, it is explicitly shown that resonance effects from the two effects cancel
each other out in the case with canonical kinetic terms and an analytic expression for the
general setups such as those with non-canonical kinetic terms or derivative interactions. The results will be
given elsewhere [33].
3 Very recently in [29], the effects of sudden turning trajectory on the primordial power spectrum were
discussed in the potential basis taking into account both of the deformation of the Hubble parameter and the
conversion effect. It was shown there that the parametric resonance effects are significantly suppressed for
the models with the canonical kinetic terms. Although the potential basis is useful to discuss the absence of
resonance effects, we would like to point out that the potential basis calculation suffers from spurious singularities
associated with the suddenness of the turning potential. In this paper we take the kinetic basis to avoid this kind
of spurious singularities and explicitly show that the resonance cancellation appears for the canonical kinetic
term case. See also footnote 7 in Sec 2.3.2 and footnote 10 in Sec 3.3 for related comments.
4 Resonance features from the Hubble deformation effects were discussed in [25] using the potential basis.
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Figure 1: Sudden turning potential with turning angle α.
power spectrum in the heavy mass approximation is also given. In Sec. 4, the bispectrum
of the primordial curvature perturbations is evaluated and its shape and scale dependence is
investigated. Final section is devoted to the summary and discussion. Some technical details
are summarized in Appendices.
2 Setup
2.1 Modeling the potential
In this paper we consider a class of two-field models with the Einstein-Hilbert term, the canon-
ical kinetic terms of scalar fields, and a sudden turning potential:
S =
∫
d4x
√−g
[
1
2
M2PlR−
∑
i=1,2
1
2
∂µφi∂
µφi − V (φi)
]
. (2.1)
As depicted in Fig. 1, the potential V (φi) is decomposed into the slow-roll direction φ‖ and the
massive direction φ⊥ as
V (φi) = Vsr(φ‖) + V⊥(φ⊥) . (2.2)
Here Vsr(φ‖) is a slow-roll potential and the massive potential V⊥ takes its minimum value at
φ⊥ = 0. The slow-roll direction turns at (φ‖, φ⊥) = (0, 0) and we identify this point with
(φ1, φ2) = (0, 0) in the φi basis. Before and after the turn, the slow-roll direction is expressed in
the φi basis as (cosα, sinα) and (1, 0), respectively. The relations between the potential basis
labeled by (φ‖, φ⊥) and the φi basis are given by
(φ‖, φ⊥) = (cosαφ1 + sinαφ2,− sinαφ1 + cosαφ2) before the turn, (2.3)
(φ‖, φ⊥) = (φ1, φ2) after the turn. (2.4)
3
Then, the potential V (φi) takes the following form in the φi basis:
5
V (φi) = θ(−φ1)
[
Vsr(cosαφ1 + sinαφ2) + V⊥(− sinαφ1 + cosαφ2)
]
+ θ(φ1)
[
Vsr(φ1) + V⊥(φ2)
]
. (2.5)
In the following, we assume the following form of the massive potential V⊥:
V⊥(φ⊥) =
m2
2
φ2⊥ +
λ
4!
φ4⊥ , (2.6)
which preserves a Z2 symmetry φ⊥ → −φ⊥ and seems to be a natural choice.
2.2 Background evolutions
Let us then summarize the classical dynamics of this class of models. Suppose that the back-
ground trajectory is along the slow-roll direction before arriving at the turning point:
φ¯1(t) = cosα φ¯sr(t) , φ¯2(t) = sinα φ¯sr(t) for t < t∗ . (2.7)
Here φ¯sr is the background evolution in single field slow-roll inflation and t∗ is the time when
the background trajectory passes the turning point: φ¯1(t∗) = φ¯2(t∗) = φ¯sr(t∗) = 0. We also
introduce the Hubble parameter Hsr corresponding to φ¯sr as
¨¯φsr + 3Hsr
˙¯φsr + V
′(φ¯sr) = 0 ,
1
2
˙¯φ2sr + Vsr(φ¯sr) = 3M
2
PlH
2
sr ,
˙¯φ2sr = −2M2PlH˙sr , (2.8)
and assume that Hsr satisfies the slow-roll conditions: sr = −H˙sr
H2sr
 1 and ηsr = ˙sr
Hsrsr
 1.
After passing the turning point, the background trajectory first deviates from the slow-roll
direction and then would be getting to approach that direction because of the cosmic expansion:
φ¯1(t) ∼ φ¯sr(t) , φ¯2(t) ∼ 0 for t t∗ . (2.9)
We therefore decompose the background trajectory as
φ¯1(t) = θ(t∗ − t) cosα φ¯sr(t) + θ(t− t∗)
(
φ¯sr(t) + ϕ1(t)
)
, (2.10)
φ¯2(t) = θ(t∗ − t) sinα φ¯sr(t) + θ(t− t∗)ϕ2(t) . (2.11)
Here ϕi’s describe the deviation of the background trajectory from the slow-roll direction of the
potential and characterize the turning background trajectory. In the following discussions, we
assume that α and ϕi’s can be treated as perturbations.
5 The coordinate system (φ‖, φ⊥) is not continuously connected before and after the turn so that the expres-
sion (2.5) may not seem to be well-defined around the turning point. However, as discussed in Appendix A, the
potential (2.5) can be regularized and defined appropriately by introducing a one-parameter family of turning
potentials and taking its sudden turning limit.
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Background evolution of φi’s We then solve the background equations of motion after
passing the turning point (t > t∗). In terms of φ¯i’s, they are given by
¨¯φ1 + 3H
˙¯φ1 + V
′
sr(φ¯1) = 0 ,
¨¯φ2 + 3H
˙¯φ2 + V
′
⊥(φ¯2) = 0 , (2.12)
1
2
( ˙¯φ21 + ˙¯φ22)+ Vsr(φ¯1) + V⊥(φ¯2) = 3M2PlH2 , ˙¯φ21 + ˙¯φ22 = −2M2PlH˙ . (2.13)
Using the equations of motion (2.8) in single field inflation, we can rewrite (2.12) and (2.13) in
terms of ϕi’s as
ϕ¨1 + 3Hsrϕ˙1 = 0 , ϕ¨2 + 3Hsrϕ˙2 +m
2ϕ2 = 0 , (2.14)
˙¯φsrϕ˙1 + V
′
sr(φ¯sr)ϕ1 +
1
2
ϕ˙22 +
1
2
V ′′⊥(0)ϕ
2
2 = 6M
2
PlHsrδH , (2.15)
2 ˙¯φsrϕ˙1 + ϕ˙
2
2 = −2M2PlδH˙ , (2.16)
where δH is defined by δH = H −Hsr. The initial conditions on ϕi’s at t = t∗ are given by
ϕ1(t∗) = ϕ2(t∗) = 0 , ϕ˙1(t∗) = −α
2
2
˙¯φsr(t∗) , ϕ˙2(t∗) = α ˙¯φsr(t∗) . (2.17)
Here and in what follows, we drop higher order terms in sr, ηsr, ϕi’s, and α. The equations of
motion (2.14) can be then solved as follows:
ϕ1(t) =
α2 ˙¯φsr
6Hsr
(
e−3Hsr(t−t∗) − 1) , (2.18)
ϕ2(t) =

α ˙¯φsr
µHsr
e−
3
2
Hsr(t−t∗) sin[µHsr(t− t∗)] for m > 3
2
Hsr ,
α ˙¯φsr
νHsr
e−
3
2
Hsr(t−t∗) sinh[νHsr(t− t∗)] for m < 3
2
Hsr ,
(2.19)
where µ =
√
m2
H2sr
− 9
4
for m > 3
2
Hsr and ν =
√
9
4
− m
2
H2sr
for m < 3
2
Hsr. As is clear from (2.19),
the expression for m < 3
2
Hsr can be obtained by the replacement µ→ −iν in that for m > 32Hsr.
Therefore, we do not write the expression for m < 3
2
Hsr explicitly in the following discussions.
Using ˙¯φsr =
√
2
1/2
sr MPlHsr, ϕi’s can be rewritten as
ϕ1(t) =
√
2α2
6
1/2sr MPl
(
e−3Hsr(t−t∗) − 1) , (2.20)
ϕ2(t) =
√
2α
µ
1/2sr MPl e
− 3
2
Hsr(t−t∗) sin[µHsr(t− t∗)] . (2.21)
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Notice that ϕ1 and ϕ2 are second and first order in α, respectively. Time-derivatives of ϕi’s are
given by
ϕ˙1(t) = −1
2
α2 ˙¯φsr e
−3Hsr(t−t∗)
= −
√
2
2
α21/2sr MPlHsre
−3Hsr(t−t∗) , (2.22)
ϕ˙2(t) = α
˙¯φsr e
− 3
2
Hsr(t−t∗)
(
− 3
2µ
sin[µHsr(t− t∗)] + cos[µHsr(t− t∗)]
)
=
√
2α1/2sr MPlHsr e
− 3
2
Hsr(t−t∗)
(
− 3
2µ
sin[µHsr(t− t∗)] + cos[µHsr(t− t∗)]
)
. (2.23)
Background spacetime We next discuss the background spacetime and the deviation δH(t)
of the Hubble parameter from single field slow-roll inflation. First, it follows from the equation
of motion (2.16) that δH˙ for t ≥ t∗ is given by
δH˙ = − 1
2M2Pl
(2 ˙¯φsrϕ˙1 + ϕ˙
2
2)
= α2
˙¯φ2sr
M2Pl
e−3Hsr(t−t∗)
[(1
4
− 9
16µ2
)(
1− cos[2µHsr(t− t∗)]
)
+
3
4µ
sin[2µHsr(t− t∗)]
]
= α2srH
2
sre
−3Hsr(t−t∗)
[(1
2
− 9
8µ2
)(
1− cos[2µHsr(t− t∗)]
)
+
3
2µ
sin[2µHsr(t− t∗)]
]
,
(2.24)
which is second order in α. It is convenient to introduce a function κ(t) defined by
κ(t) = 2
ϕ˙1
˙¯φsr
+
(
ϕ˙2
˙¯φsr
)2
= −α2e−3Hsr(t−t∗)
[(1
2
− 9
8µ2
)(
1− cos[2µHsr(t− t∗)]
)
+
3
2µ
sin[2µHsr(t− t∗)]
]
. (2.25)
Then, δH˙ can be expressed in terms of κ as
δH˙ = θ(t− t∗)κH˙sr . (2.26)
It is also straightforward to evaluate the deviation δH(t) of the Hubble parameter as
δH(t) =
∫ t
−∞
dt′δH˙(t′) = H˙sr
∫ t
t∗
dt′κ(t′) = −srH2sr
∫ t
t∗
dt′κ(t′) , (2.27)
where higher order terms in the slow-roll expansion are dropped. More explicitly, it is given by
δH(t) = α2srHsr
[
1
6
(
1− e−3Hsr(t−t∗)
)
− 1
4µ
e−3Hsr(t−t∗) sin[2Hsrµ(t− t∗)]
+
3
8µ2
e−3Hsr(t−t∗)
(
1− cos[2Hsrµ(t− t∗)]
)]
. (2.28)
Notice that δH(t) is first order in sr as well as second order in α.
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2.3 Perturbations in the unitary gauge
Let us next consider perturbations around the background discussed in the previous subsection.
We first construct the action in the unitary gauge in this subsection and then introduce that
for the Nambu-Goldstone boson in the next subsection.
2.3.1 Generalities
In the unitary gauge, the adiabatic mode is eaten by graviton so that the physical degrees of
freedom are three physical modes of graviton and one massive isocurvature mode. Correspond-
ing to the degrees of freedom to change bases of the field space, there are some ambiguities in
the description of the massive isocurvature σ.6 In fact, we can introduce the following family
of definitions of the isocurvature perturbation σ:
φ1(x) = φ¯1(t)− sin β(t)σ(x) , (2.29)
φ2(x) = φ¯2(t) + cos β(t)σ(x) . (2.30)
Here β(t) is an arbitrary function of time t and determines the direction of σ perturbations in
the field space. We will take one particular choice of β(t) later. Before that, however, let us
summarize the action in the unitary gauge for general β(t). First, derivatives of φi’s are given
by
∂µφ1(x) = δ
0
µ
[
˙¯φ1(t)− cos β(t) β˙(t)σ(x)
]
− sin β(t)∂µσ(x) , (2.31)
∂µφ2(x) = δ
0
µ
[
˙¯φ2(t)− sin β(t)β˙(t)σ(x)
]
+ cos β(t)∂µσ(x) . (2.32)
Then, the kinetic term of φi’s can be written in terms of φ¯i’s and σ as
−
∑
i=1,2
1
2
∂µφi∂
µφi = −1
2
g00
(
˙¯φ21 +
˙¯φ22
)
− 1
2
∂µσ∂
µσ − 1
2
β˙2g00σ2
+
[
sin β ˙¯φ1 − cos β ˙¯φ2
]
∂0σ +
[
cos β ˙¯φ1 + sin β
˙¯φ2
]
β˙ g00σ
= −1
2
g00
(
˙¯φ21 +
˙¯φ22
)
− 1
2
∂µσ∂
µσ +
1
2
β˙2σ2
+
[
cos β ˙¯φ1 + sin β
˙¯φ2
]
β˙ δg00σ
+
[
sin β ˙¯φ1 − cos β ˙¯φ2
]
∂0σ −
[
cos β ˙¯φ1 + sin β
˙¯φ2
]
β˙ σ
− 1
2
β˙2δg00σ2 , (2.33)
6 See also [35] for recent discussions on bases of perturbations in multiple-field inflation.
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where the linear order fluctuation terms become total derivatives after taking into account the
Einstein-Hilbert term and the potential term. In the framework of the effective field theory
approach [22], the total action (2.1) can be described in the unitary gauge as
S =
∫
d4x
√−g
[
1
2
M2PlR +M
2
PlH˙g
00 −M2Pl(3H2 + H˙)−
1
2
∂µσ∂
µσ
+ β1δg
00σ + β3(t)∂
0σ − (β˙3 + 3Hβ3)σ + γ1δg00σ2 − Vσ(σ; t)
]
, (2.34)
where the parameters H, H˙, β1, β3, and γ1 are given by
M2PlH
2 =
1
3
[
1
2
(
˙¯φ21 +
˙¯φ22
)
+ V (φ¯i)
]
, M2PlH˙ = −
1
2
(
˙¯φ21 +
˙¯φ22
)
,
β1 =
[
cos β ˙¯φ1 + sin β
˙¯φ2
]
β˙ , β3 = sin β
˙¯φ1 − cos β ˙¯φ2 , γ1 = −
1
2
β˙2 . (2.35)
The time-dependent potential Vσ(σ; t) of σ takes the form
Vσ(σ; t) = θ(t∗ − t)
[
Vsr
(
φ¯sr − sin(β − α)σ
)
+ V⊥
(
cos(β − α)σ)− 1
2
β˙2σ2
]
+ θ(t− t∗)
[
Vsr(φ¯1 − sin β σ) + V⊥(φ¯2 + cos β σ)− 1
2
β˙2σ2
]
− (zeroth and first order terms in σ) , (2.36)
where we used (φ¯1, φ¯2) = (φ¯sr, 0) for t < t∗. Note that the background value of Vsr + V⊥
contributes to −M2Pl(3H2 + H˙) term in (2.34) and the first order fluctuation terms contribute
to the −(β˙3 + 3Hβ3)σ term.
2.3.2 Action in the kinetic basis
From the expression (2.35), we notice that the β3 coupling vanishes when σ perturbations are
orthogonal to the background trajectory. We define such a kinetic basis in the following way:
β(t) = arctan
˙¯φ2
˙¯φ1
= θ(t∗ − t)α + θ(t− t∗) γ(t) with γ(t) = arctan ϕ˙2˙¯φsr + ϕ˙1
. (2.37)
Note that γ(t) =
ϕ˙2
˙¯φsr
at the leading order in α. The time-derivative of β is then given by7
β˙(t) = δ(t− t∗)
(
γ(t∗)− α
)
+ θ(t− t∗) γ˙(t) = θ(t− t∗) γ˙(t) , (2.38)
7 Here it should be noticed that β˙(t) is proportional to a delta function in the bases with γ(t∗) 6= α. For
example, in the potential basis defined by γ(t) = 0, we have β˙(t) = −α δ(t− t∗). In such bases, the coupling γ1
in (2.35) and the term − 12 β˙2σ2 in (2.36) are proportional to the delta function squared, which leads to spurious
singularities in the calculation of spectra. On the other hand, in the kinetic basis, β˙(t) is regular and no spurious
singularities appear. This is one of the reasons why we take the kinetic basis in this paper.
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and therefore, we have
β1 = θ(t− t∗)
∣∣ ˙¯φi∣∣ γ˙ , β3 = 0 , γ1 = −12θ(t− t∗) γ˙2 . (2.39)
Here
∣∣ ˙¯φi∣∣2 = ( ˙¯φ1)2 + ( ˙¯φ2)2 = φ˙2sr +O(α2). At the leading order in α and sr, they are given by
β1 = θ(t− t∗)ϕ¨2 , β3 = 0 , γ1 = −
1
2
θ(t− t∗)
(
ϕ¨2
φ˙sr
)2
. (2.40)
In this basis, the potential V (σ; t) can be expressed as
Vσ(σ; t) = θ(t∗ − t)
[
Vsr
(
φ¯sr
)
+ V⊥
(
σ
)]
+ θ(t− t∗)
[
Vsr(φ¯1 − sin γ σ) + V⊥(φ¯2 + cos γ σ)− 1
2
γ˙2σ2
]
− (zeroth and first order terms in σ) . (2.41)
For the potential (2.6), its concrete form is given by
Vσ(σ; t) = θ(t∗ − t)m
2
2
σ2
+ θ(t− t∗)
[
1
2
V ′′sr(φ¯1)γ
2σ2 − 1
3!
V ′′′sr (φ¯1)γ
3σ3 +
(m2
2
+
λ
4
ϕ22 −
1
2
γ˙2
)
σ2 +
λ
3!
ϕ2σ
3
]
+O(σ4) . (2.42)
To summarize, in the kinetic basis, the action in the unitary gauge is given by
S =
∫
d4x
√−g
[
1
2
M2PlR +M
2
PlH˙g
00 −M2Pl(3H2 + H˙)
− 1
2
∂µσ∂
µσ + β1δg
00σ + γ1δg
00σ2 − Vσ(σ; t)
]
, (2.43)
where β1, γ¯1, and Vσ(σ; t) are given in (2.40) and (2.41). In the rest of this paper, we take the
kinetic basis and use (2.43) as the action in the unitary gauge.
2.3.3 Perturbativity
Our models (2.43) contain three free parameters in addition to the Hubble parameter Hsr in
the single field slow-roll model: the turning angle α, the mass m of the massive potential, and
the coupling constant λ for the quartic self-interaction of massive directions φ⊥. In the calcu-
lation of primordial spectra, we would like to treat the parameters α and λ as perturbations.
From the viewpoint of the action (2.43) for metric perturbations and massive isocurvatures,
9
the perturbativity of α and λ can be rephrased by that of the following quadratic and cubic
interactions: (λ
4
ϕ22 −
1
2
γ˙2
)
σ2 and
λ
3!
ϕ2σ
3 . (2.44)
For the perturbativity of quadratic interactions, we require that they are smaller than the mass
term
λϕ22 . m2 , γ˙2 . m2 . (2.45)
On the other hand, we impose the following condition on the cubic interaction:
(cubic coupling)× (propagator)× (cubic coupling) ∼ (λϕ2)
2
m2
. 1 , (2.46)
which is essentially the same as the condition that the four-point amplitudes are not large.
Using the expression (2.21) of ϕ2, these conditions can be stated as
λα2
µ4
2M2Plsr
H2sr
. 1 , α . 1 , λ
2α2
µ4
2M2Plsr
H2sr
. 1 . (2.47)
If the mass µ and the turning angle α are specified, (2.47) can be though of as conditions on
the coupling λ of the quartic interaction. Using
H2sr
2M2Plsr
' 4pi2Pζ ∼ 10−8, we have for example
λ . 0.01 for (µ, α) = (10, 0.1) and λ . 1 for (µ, α) = (10, 0.01) . (2.48)
2.4 Action for the Goldstone boson
For the calculation of primordial perturbations, it is convenient to introduce the Goldstone
boson pi by the Stu¨ckelberg method. In this subsection we construct the action for pi and discuss
its relevant terms to tree-level two point and three point functions of scalar perturbations ζ.
The action for the Goldstone boson pi can be obtained by the gauge transformation
t→ t˜ , xi → x˜i with t˜+ p˜i(t˜, x˜) = t , x˜i = xi , (2.49)
which is realized by the following replacement [30]:
δ0µ → δ0µ + ∂µpi , f(t)→ f(t+ pi) ,
∫
d4x
√−g →
∫
d4x
√−g ,
∇µ → ∇µ , gµν → gµν , gµν → gµν , Rµνρσ → Rµνρσ , (2.50)
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where we dropped the tilde for simplicity. The action corresponding to (2.43) is then given
by [22]
S =
∫
d4x
√−g
[
1
2
M2PlR +M
2
PlH˙(t+ pi)(g
00 + 2∂0pi + ∂µpi∂
µpi)−M2Pl(3H2 + H˙)(t+ pi)
− 1
2
∂µσ∂
µσ + β1(t+ pi)(δg
00 + 2∂0pi + ∂µpi∂
µpi)σ
+ γ1(t+ pi)(δg
00 + 2∂0pi + ∂µpi∂
µpi)σ2 − Vσ(σ; t+ pi)
]
. (2.51)
We next discuss which terms are relevant to tree-level three point functions of pi. For this
purpose, let us take the spatially flat gauge and rewrite the action (2.51) in terms of the ADM
decomposition:
ds2 = −(N2 −NiN i)dt2 + 2Nidxidt+ a2(eγ)ij dxidxj with γii = ∂iγij = 0 . (2.52)
Here and in what follows we use the spatial metric hij = a
2(eγ)ij and its inverse h
ij = a−2(e−γ)ij
to raise or lower the indices of N i. In this gauge, there are no second order mixing terms of
pi and γij because γij has two spatial indices and is transverse-traceless. Then, the tensor
fluctuation γij does not contribute to tree-level three point functions of pi. Therefore, possible
contributions of metric perturbations come only from the auxiliary fields δN = N − 1 and N i.
For the calculation of three-point functions, it is sufficient to solve the constraints up to first
order [36]. For the action (2.51), it is performed as follows [22]:
δN = −H˙
H
pi , N i = a−2∂iψ with ψ = a2∂−2
( H˙
H2
(H˙pi +Hp˙i) +
β1
M2PlH
σ
)
. (2.53)
In the following discussions, we decompose the kinetic term of pi as
M2PlH˙∂µpi∂
µpi = M2PlH˙sr∂µpi∂
µpi +M2PlδH˙∂µpi∂
µpi , (2.54)
and treat the second term as an interaction term. In such a case, the canonical normalization
is given by
pic ∼MPl(−H˙sr)1/2pi , σc = σ , δNc ∼MPlδN , N ic ∼MPlN i , (2.55)
and we redefine the coupling constants β1 correspondingly as
βc1 ∼
1
MPl(−H˙sr)1/2
β1 . (2.56)
Then, the constraints (2.53) can be written as
δNc ∼ 1/2sr (1 + κ)pic , N ic ∼ 1/2sr
∂i
∂2
(
− p˙ic + βc1σc
)
, (2.57)
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where higher order terms in sr and ηsr are dropped. It is manifest that δNc and N
i
c are
suppressed by the slow-roll parameter 
1/2
sr and contributions from δNc and N
i
c are expected to
be irrelevant when the slow-roll direction of the potential satisfies the slow-roll conditions. In
fact, we can explicitly show that they are irrelevant in our calculations. We then drop these
contributions to obtain the following action up to cubic order perturbations:
S =
∫
d4x a3
[
−M2PlH˙
(
p˙i2 − (∂ipi)
2
a2
)
− 3M2PlH˙2pi2 −M2PlH¨pi
(
p˙i2 − (∂ipi)
2
a2
)
− 3M2PlH˙H¨pi3
+
1
2
(
σ˙2 − (∂iσ)
2
a2
)
− 2β1p˙iσ − β1
(
p˙i2 − (∂ipi)
2
a2
)
σ − 2β˙1pip˙iσ
− 2γ1p˙iσ2 − V (σ; t+ pi)
]
. (2.58)
By further dropping the sub-leading terms in the slow-roll expansion, we finally obtain
S =
∫
d4x a3
[
−M2PlH˙
(
p˙i2 − (∂ipi)
2
a2
)
−M2PlδH¨pi
(
p˙i2 − (∂ipi)
2
a2
)
+
1
2
(
σ˙2 − (∂iσ)
2
a2
)
− 2β1p˙iσ − β1
(
p˙i2 − (∂ipi)
2
a2
)
σ − 2β˙1pip˙iσ
− 2γ1p˙iσ2 − V (σ; t+ pi)
]
. (2.59)
Note that δH¨ and β˙1 can be written in terms of κ and γ as
δH¨ = θ(t− t∗)
(
H¨srκ+ H˙srκ˙
)
+ δ(t− t∗)H˙srκ
' θ(t− t∗)H˙srκ˙+ δ(t− t∗)H˙srκ
= θ(t− t∗)H˙srκ˙ , (2.60)
β˙1 = θ(t− t∗)( ¨¯φsrγ˙ + ˙¯φsrγ¨) + δ(t− t∗)γ˙
' θ(t− t∗) ˙¯φsrγ¨ + δ(t− t∗)γ˙ , (2.61)
where we used κ(t∗) = 0 and dropped higher order terms in sr and ηsr.
2.5 Hamiltonian in the interaction picture
In the following two sections the primordial power spectrum and bispectrum of scalar per-
turbations ζ are calculated using the in-in formalism. For this purpose, let us introduce the
Hamiltonian in the interaction picture up to the cubic order fluctuations. Since we would like
to discuss the deviation from single field slow-roll inflation, we choose the free part and the
12
interaction part of the Hamiltonian in the following way:
Hfree =
∫
d3x a3
[
−M2PlH˙sr
(
p˙i2 +
(∂ipi)
2
a2
)
+
1
2
(
σ˙2 +
(∂iσ)
2
a2
+m2σ2
)]
, (2.62)
Hint = H
(2)
int +H
(3)
int , (2.63)
H
(2)
int =
∫
d3x a3
[
M2PlδH˙
(
p˙i2 − (∂ipi)
2
a2
)
+ 2β1p˙iσ
]
, (2.64)
H
(3)
int =
∫
d3x a3
[
M2PlδH¨pi
(
p˙i2 − (∂ipi)
2
a2
)
+ β1
(
p˙i2 − (∂ipi)
2
a2
)
σ + 2β˙1pip˙iσ + θ(t− t∗)λϕ2
6
σ3
]
,
(2.65)
where we dropped terms irrelevant to the spectra up to the leading order in the turning angle α.8
The quantum fields pi and σ in the interaction picture are expanded in the Fourier space as
pik = uk ak + u
∗
k a
†
−k , σk = vk bk + v
∗
k b
†
−k (2.66)
with the standard commutation relations
[ak, a
†
k′ ] = (2pi)
3δ(3)(k− k′) , [bk, b†k′ ] = (2pi)3δ(3)(k− k′) . (2.67)
Here the mode functions uk and vk satisfy the equations of motion in the free theory and depend
on k = |k|:
u¨k + 3Hsru˙k +
k2
a2
uk = 0 , v¨k + 3Hsrv˙k +
(
m2 +
k2
a2
)
vk = 0 , (2.68)
where higher order terms in sr and ηsr are dropped. In terms of the conformal time dτ = a
−1dt,
they can be written as
u′′k −
2
τ
u′k + k
2uk = 0 , v
′′
k −
2
τ
v′k + k
2vk +
m2
H2srτ
2
vk = 0 , (2.69)
where the primes denote derivatives with respect to τ and we used τ = −1/(aHsr) at the leading
order in sr and ηsr. The normalizations of the mode functions follow from
2M2PlH
2
srsr a
3 (uk u˙
∗
k − u˙k u∗k) = i , a3 (vk v˙∗k − v˙k v∗k) = i . (2.70)
Assuming that pi and σ are in the Bunch-Davies vacuum before the turn, the mode functions
uk and vk are given by
uk =
1
2MPl
1/2
sr k3/2
(1 + ikτ)e−ikτ =
1
2MPl
1/2
sr k3/2
(1− ix)eix , (2.71)
vk = −ie−pi2 µ+ i4pi
√
piHsr
2
(−τ)3/2H(1)iµ (−kτ) = −ie−
pi
2
µ+ i
4
pi
√
piHsr
2k3/2
x3/2H
(1)
iµ (x) , (2.72)
8 Note that contributions from the 2γ1p˙iσ
2 term are sub-leading in the tree-level three-point functions of pi.
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where x = −kτ and H(1)ν = Jν + iYν is the Hankel function. Note that the time derivative of
uk is given by
u˙k = −Hsrτu′k = −
Hsr
2MPl
1/2
sr k3/2
x2eix . (2.73)
It is also convenient to express κ and ϕ2 in terms of the conformal time:
κ(t) = −α2(τ/τ∗)3
[(1
2
− 9
8µ2
)
(1− cos[2µ ln(τ/τ∗)])− 3
2µ
sin[2µ ln(τ/τ∗)]
]
= −α2
[(1
2
− 9
8µ2
)
(τ/τ∗)3 +
(3 + 2iµ)2
16µ2
(τ/τ∗)3+2iµ +
(3− 2iµ)2
16µ2
(τ/τ∗)3−2iµ
]
, (2.74)
ϕ2(t) = − α
¯˙φsr
µHsr
(τ/τ∗)3/2 sin[µ ln(τ/τ∗)] = i
α ¯˙φsr
2µHsr
[
(τ/τ∗)
3
2
+iµ − (τ/τ∗) 32−iµ
]
, (2.75)
where τ∗ is the conformal time corresponding to the turning time t∗. In the following, we use
the above setup for the calculation of primordial spectra.
3 Primordial power spectrum
Let us then calculate the primordial power spectrum. Since the scalar perturbation ζ is given
at the linear order by ζ = −Hpi, we calculate the expectation value of pik(t)pik′(t). Using the
in-in formalism, it is calculated as
〈pik(t)pik′(t)〉 = 〈0|
[
T¯ exp
(
i
∫ t
t0
dt′Hint(t′)
)]
pik(t)pik′(t)
[
T exp
(
− i
∫ t
t0
dt′Hint(t′)
)]
|0〉
= 〈0|pik(t)pik′(t)|0〉+ 2Re
[
−i
∫ t
t0
dt1〈0|pik(t)pik′(t)Hint(t1)|0〉
]
+
∫ t
t0
dt˜1
∫ t
t0
dt1〈0|Hint(t˜1)pik(t)pik′(t)Hint(t1)|0〉
− 2Re
[∫ t
t0
dt1
∫ t1
t0
dt2〈0|pik(t)pik′(t)Hint(t1)Hint(t2)|0〉
]
+ . . . , (3.1)
where the dots stand for higher order terms in the couplings. In the following, we set t =∞ and
t0 = −∞ and drop the indication of the time t in correlators. In terms of the mode functions
and couplings, the two point function (3.1) can be expressed up to the leading order corrections
from κ and β1 as
〈pikpik′〉 = (2pi)3δ(3)(k + k′) 1
4M2Plsrk
3
[
1 + CδH + Cconv
]
, (3.2)
where CδH and Cconv are defined by (see Fig. 2 for the corresponding diagrams)
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Figure 2: Diagrams corresponding to CδH , Cconv1, and Cconv2 (depicted from the left). The solid
and dotted lines represent the propagation of pi and σ, respectively.
CδH = 2Re
[
i
∫ ∞
−∞
dt1 a
3
(
2M2PlH˙srκ(t1)
)(
u˙2k(t1)−
k2
a2
u2k(t1)
)]
, (3.3)
Cconv = Cconv1 + Cconv2 , (3.4)
Cconv1 = 8
∣∣∣∣∫ ∞−∞ dt1 a3(t1)β1(t1)u˙k(t1)vk(t1)
∣∣∣∣2 , (3.5)
Cconv2 = −16Re
[∫ ∞
−∞
dt1 a
3(t1)β1(t1)u˙
∗
k(t1)vk(t1)
∫ t1
−∞
dt2 a
3(t2)β1(t2)u˙
∗
k(t2)v
∗
k(t2)
]
. (3.6)
Note that CδH describes the effects of the deformation δH of the background Hubble parameter
and Cconv describes the conversion effects between adiabatic and isocurvature perturbations.
Also notice that they are second order in the turning angle α because κ and β1 are second and
first order in α, respectively. The two-point functions of scalar perturbations are then given by
〈ζk(t)ζk′(t)〉 = (2pi)3δ(3)(k + k′)2pi
2
k3
Pζ(k) , (3.7)
where the power spectrum Pζ(k) is
Pζ(k) = H
2
sr
8pi2M2srsr
(1 + CδH + Cconv) . (3.8)
In the rest of this section, we evaluate CδH and Cconv, which can be thought of as deviation
factors from the single field slow-roll model.
3.1 Hubble deformation effects
Using the expression (2.71) of the mode functions, CδH can be expressed as
CδH = −Im
[∫ x∗
0
dx κ (2− 2ix−1 − x−2)e−2ix
]
, (3.9)
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where x = −kτ and x∗ = −kτ∗. It is convenient to introduce the mode k∗ = −1/τ∗, which
crosses the horizon at the time t = t∗ of turning. In terms of k∗, the parameter x∗ can be
expressed as x∗ = k/k∗. Using x and x∗, the coupling κ can be written as
κ = −α2
[(1
2
− 9
8µ2
)
(x/x∗)3 +
(3 + 2iµ)2
16µ2
(x/x∗)3+2iµ +
(3− 2iµ)2
16µ2
(x/x∗)3−2iµ
]
. (3.10)
Then, the integral (3.9) reduces to integrals of the form
I(δ, n, x) =
∫ x
0
dx˜ (x˜/x)3+δx˜ne−ix˜ , (3.11)
whose analytic expression can be obtained as follows:
I(δ, n, x) = i−1−n(1/ix)3+δ
[
Γ(4 + n+ δ)− Γ(4 + n+ δ, ix)
]
. (3.12)
Here Γ(z) and Γ(a, z) are the gamma function and the incomplete gamma function, respectively.
In terms of I(δ, n, x), the integral (3.9) can be expressed as
CδH(x∗) = Im
[
α2
(1
2
− 9
8µ2
)[
I(0, 0, 2x∗)− 2iI(0,−1, 2x∗)− 2I(0,−2, 2x∗)
]
+ α2
(3 + 2iµ)2
16µ2
[
I(2iµ, 0, 2x∗)− 2iI(2iµ,−1, 2x∗)− 2I(2iµ,−2, 2x∗)
]
+ α2
(3− 2iµ)2
16µ2
[
I(−2iµ, 0, 2x∗)− 2iI(−2iµ,−1, 2x∗)− 2I(−2iµ,−2, 2x∗)
]]
.
(3.13)
As displayed in Fig. 3, a kind of resonance appears in CδH around the scale k ∼ mHsrk∗ ∼
µk∗ [8,9,18,24,25]. In the rest of this subsection, we discuss qualitative features of this resonance
effect.
3.1.1 Mathieu equation and the resonance effect
Following [18], let us introduce the Mathieu equation characterizing the above resonance effects
and estimate the scale and size of the resonance. For our purpose, it is convenient to introduce
a canonically normalized field u defined by
u = zpipi with zpi = (−2M2PlH˙a3)1/2 = (2M2Pl)1/2Ha3/2 . (3.14)
In terms of u, the second order action of pi can be written as
S =
∫
dtd3x a3(−M2PlH˙)
(
p˙i2 − (∂ipi
2)
a2
)
=
1
2
∫
dtd3x
(
u˙2 − (∂iu)
2
a2
− z¨pi
zpi
u2
)
, (3.15)
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Figure 3: Scale-dependence of CδH for m = 5Hsr (left figure) and m = 32Hsr (right figure). The
red curve is the exact expression (3.13) for CδH . The blue curve is the resonance size estimated
via the parametric resonance arguments: CδH =
√
pi
2
α2µ1/2
(
k/(µk∗)
)−3
, where the numerical
coefficient
√
pi/2 is determined by the stationary phase approximation. As shown in the above
figures, the parametric resonance arguments well explain and capture our exact results.
and the equation of motion in the momentum space is given by
u¨+
(
k2
a2
+
z¨pi
zpi
)
u = 0 , (3.16)
where the explicit form of z¨pi/zpi is
z¨pi
zpi
=
9
4
H2sr +
3
2
Hsrκ˙+
1
2
κ¨+O(sr, ηsr, κ2) with κ = H˙ − H˙sr
H˙sr
=
δH˙
H˙sr
. (3.17)
To characterize the highly oscillating background, let us rewrite κ as
κ = A(t) sin(2ωt+ θ) , (3.18)
where we assume that ω  Hsr and the time-dependence of the normalization factor A(t) is
negligible compared to ω. At the leading order in Hsr/ω, the equation of motion (3.16) can be
written as
u¨+
(
k2
a2
+
9
4
H2sr − 2ω2A(t) sin(2ωt+ θ)
)
u = 0 , (3.19)
which can be regarded as the Mathieu equation. From this expression, it is obvious that the
mode k feels resonance effects around the time tk given by
k
a(tk)
= ω . (3.20)
17
Here we dropped higher order terms in ω/Hsr. From general discussions on the parametric
resonance, it follows that u(t) is changed around t = tk as∣∣∣∣u(t)− u(tk)u(tk)
∣∣∣∣ ∼ ∣∣A(tk)∣∣ω (t− tk) (3.21)
and the duration ∆t of the resonance can be estimated as
∆t ∼ (Hsrω)−1/2 . (3.22)
We then conclude that the mode k is changed after experiencing the parametric resonance as∣∣∣∣uafter − ubeforeubefore
∣∣∣∣ ∼ |A(tk)|√ ωHsr . (3.23)
In our models, the parameters A(t) and ω are given by
A(t) ∼ α
2
2
e−3H(t−t∗) , ω = µHsr , (3.24)
and the mode k feels resonance effects around the time tk given by
k
a(tk)
= µHsr ↔ a(tk)
a(t∗)
=
1
µ
k
k∗
. (3.25)
Since the background oscillation starts at t = t∗, the mode k . µk∗ does not experience the
parametric resonance and the resonance effect appears at the scale k & µk∗. The size of CδH
for k & µk∗ can be also estimated as
∣∣CδH∣∣ ∼ α2µ1/2e−3H(tk−t∗) ∼ α2µ1/2( k
µk∗
)−3
. (3.26)
As depicted in Fig. 3, the above estimation well explains our exact results.
It would be also notable that the resonance effects can be also estimated via the stationary
phase approximation,9 which is useful to evaluate integrals with oscillations. As discussed in
Appendix B, the integral I(2iµ, n, x) in the heavy mass region µ 1 can be evaluated via the
stationary phase approximation as
I(2iµ, n, x) '

(
2µ
x
)3+2iµ
(2µ)n+
1
2
√
2pie−2iµ−
i
4
pi for x & 2µ ,
0 for x . 2µ .
(3.27)
9 See e.g. Refs. [24, 25] for the use of the stationary phase approximation in the context of heavy field
oscillations.
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Applying this approximation to (3.13), the resonance effect can be again expected to appear at
the scale x∗ & µ and its size can be again estimated as∣∣CδH∣∣ '
∣∣∣∣∣Im
[
α2
4
I(2iµ, 0, 2x∗)
] ∣∣∣∣∣ '
∣∣∣∣∣α2
√
pi
2
(
µ
x∗
)3+2iµ
µ1/2e−2iµ−
i
4
pi
∣∣∣∣∣ '
√
pi
2
α2µ1/2
(
k
µk∗
)−3
,
(3.28)
which coincides with Eq. (3.26). Here note that resonance effects do not appear in I(0, n, x)
and I(−2iµ, n, x), which are therefore irrelevant in the heavy mass region.
3.2 Conversion effects
Let us next discuss the conversion effects Cconv. Substituting the expressions (2.71) and (2.72)
of the mode functions into (3.4)-(3.6), Cconv can be written as
Cconv = Cconv1 + Cconv2 , (3.29)
Cconv1 = pie−µpi
∣∣∣∣∫ x∗
0
dx
γ˙
Hsr
x−1/2eixH(1)iµ (x)
∣∣∣∣2 , (3.30)
Cconv2 = −2pie−µpiRe
[∫ x∗
0
dx1
γ˙
Hsr
x
−1/2
1 e
ix1H
(2)
−iµ(x1)
∫ x∗
x1
dx2
γ˙
Hsr
x
−1/2
2 e
ix2H
(1)
iµ (x2)
]
, (3.31)
where γ˙/Hsr is given by
γ˙
Hsr
= iα
[
(3
2
+ iµ)2
2µ
(x/x∗)3/2+iµ −
(3
2
− iµ)2
2µ
(x/x∗)3/2−iµ
]
. (3.32)
It is convenient to introduce the indefinite integral D+(`, µ, x) defined by
D+(`, µ, x) =
∫
dx x−
1
2
+`eixH
(1)
iµ (x) , (3.33)
whose analytic expression is [14,22]
D+(`, µ, x) = 2
iµx
1
2
+`−iµΓ(iµ)
ipi(1
2
+ `− iµ) 2F2
(1
2
− iµ, 1
2
+ `− iµ; 3
2
+ `− iµ, 1− 2iµ; 2ix
)
+ epiµ
2−iµx
1
2
+`+iµΓ(−iµ)
ipi(1
2
+ `+ iµ)
2F2
(1
2
+ iµ,
1
2
+ `+ iµ;
3
2
+ `+ iµ, 1 + 2iµ; 2ix
)
.
(3.34)
Using this function D+(`, µ, x), we obtain the following useful relation:∫
dx
γ˙
Hsr
x−1/2eixH(1)iµ (x)
= iα
[
(3
2
+ iµ)2
2µ
x
−( 3
2
+iµ)
∗ D+(32 + iµ, µ, x)−
(3
2
− iµ)2
2µ
x
−( 3
2
−iµ)
∗ D+(32 − iµ, µ, x)
]
, (3.35)
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Figure 4: Scale-dependence of Cconv for m/Hsr = 5 (upper left), 10 (upper right), 20 (lower left),
and 32 (lower right). The blue/red dots are numerical results for Cconv/Cconv2 and the orange
curve is the analytic result for Cconv1. The total conversion effect has a peak Cconve ∼ 0.5µα2 at
k ∼ 2k∗ and the resonance at k & µk∗. It is also observed that the resonance effects arise only
from Cconv2.
which enables us to evaluate Cconv1 analytically and reduces the calculation of Cconv2 to one
integral over x1. Since it seems difficult to perform the x1-integral in Cconv2 analytically, we
evaluated Cconv2 numerically. The obtained Cconv, Cconv1, and Cconv2 are summarized in Fig. 4.
We first notice that there is a peak at k ∼ 2k∗, which has been discussed in recent literatures [17,
10, 11, 22]. In addition, resonance-like features can be observed at the scale k & µk∗. In the
rest of this subsection, we discuss qualitative features of these two effects.
3.2.1 Peak at the turning scale
As depicted in Fig. 4, Cconv has a peak around the turning scale. In particular, it is notable that
its size becomes larger as the massive direction gets heavier. Since effects of highly oscillating
interactions and those of heavy fields are suppressed by the high frequency or the heavy mass
20
in general, this kind of behavior might seem to be curious. In the following, we explain how
the conversion effects become relevant around the turning scale and analytically calculate Cconv
in the heavy mass region. Using the heavy mass approximation, m  Hsr, the mode function
for k ∼ k∗ can be written as
vk(t) ' 1√
2ma3
e−im(t−t∗) (3.36)
up to a phase factor irrelevant to the computation of Cconv. With this expression, Cconv1 can be
written for example as
Cconv1(k) = 8
∣∣∣∣∫ ∞−∞ dt1 a3(t1)β1(t1)u˙k(t1)vk(t1)
∣∣∣∣2
=
8α2m2 ˙¯φ2sr
2m
∣∣∣∣∫ ∞
t∗
dt a3/2e−
3
2
Hsr(t−t∗) sin[m(t− t∗)]e−im(t−t∗)u˙k(t)
∣∣∣∣2 . (3.37)
An important observation is that the coupling β1 and the mode function vk have the same
frequency m so that β1vk has a non-oscillating component:
sin[m(t− t∗)]e−im(t−t∗) = 1− e
−2im(t−t∗)
2i
. (3.38)
Then, this non-oscillating component becomes relevant to the integral in (3.37) and Cconv1 can
be evaluated as follows:
Cconv1(k) ' α2m ˙¯φ2sr
∣∣∣∣∫ ∞
t∗
dt a3/2e−
3
2
Hsr(t−t∗)u˙k(t)
∣∣∣∣2 = µα22x3∗
∣∣∣eix∗(1− ix∗)− 1∣∣∣2 , (3.39)
where x∗ = k/k∗. Notice that the contributions from the non-oscillating part are proportional to
µ ' m/Hsr while those from oscillating components are suppressed by the factor 1/µ. Similarly,
Cconv2 is calculated as
Cconv2(k) ' −µα
2
2x3∗
Re
[(
e−ix∗(1 + ix∗)− 1
)2]
,
and we have the following analytic expression for Cconv in the heavy mass approximation:
Cconv(k) ' µα2 (sinx∗ − x∗ cosx∗)
2
x3∗
. (3.40)
Note that (3.40) takes its maximum value Cconv ∼ 0.43µα2 at x∗ ∼ 2.46. As depicted in Fig. 5,
the analytic expression (3.40) well explains the behavior around the turning scale k ∼ k∗,
but the approximation becomes worse in the region k & µk∗ essentially because of resonance
effects discussed below. To summarize, the peak around the turning scale arises because of the
coincidence between the frequency of the oscillating coupling β1 and the mass m of massive
isocurvature perturbations. Using the heavy mass approximation, the scale of the peak and its
size can be estimated as k ∼ 2.46k∗ and Cconv ∼ 0.43µα2.
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Figure 5: Heavy mass approximation for Cconv around the turning scale k ∼ k∗. The red curve
is the analytic expression (3.40) in the heavy mass approximation and the blue dots are the
numerical results without approximations. While the behavior around k ∼ k∗ is well explained
by the analytic expression, the approximation becomes worth at k & µk∗.
3.2.2 Resonance effects
Let us next discuss the resonance-like effects at the scale k & µk∗ using the heavy mass ap-
proximation m Hsr. In this approximation, the mode function for k ∼ µk∗ is given up to an
irrelevant phase factor as
vk(t) ' 1√
2Ea3
e−iE(t−t∗) with E =
√
m2 +
k2
a2
. (3.41)
Using this expression, we first estimate the size of Cconv1:
Cconv1(k) = 8
∣∣∣∣∫ ∞−∞ dt1 a3(t1)β1(t1)u˙k(t1)vk(t1)
∣∣∣∣2
' 8α2m2 ˙¯φ2sr
∣∣∣∣∫ ∞
t∗
dt
a3/2√
2E
e−
3
2
Hsr(t−t∗) sin[m(t− t∗)]e−iE(t−t∗)u˙k(t)
∣∣∣∣2 . (3.42)
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The phase factor of the integrand takes the form
∼ exp
[
i
(
±m− E − k
a
)
t
]
= exp
[
i
(
±m−
√
m2 +
k2
a2
− k
a
)
t
]
, (3.43)
which always oscillates with a frequency of the order m. Therefore, the integral in (3.42) is
suppressed by 1/(mE1/2) ∼ m−3/2 and it is found that Cconv1 ∼ α2/µ, which is irrelevant in the
heavy mass region.
Let us then consider Cconv2 in the heavy mass approximation:
Cconv2 = −16Re
[∫ ∞
−∞
dt1 a
3(t1)β1(t1)u˙
∗
k(t1)vk(t1)
∫ t1
−∞
dt2 a
3(t2)β1(t2)u˙
∗
k(t2)v
∗
k(t2)
]
= −16α2m2 ˙¯φ2sr Re
[∫ ∞
t∗
dt1
a3/2√
2E
e−
3
2
Hsr(t1−t∗) sin[m(t1 − t∗)]e−iE(t1−t∗)u˙∗k(t1)
×
∫ t1
t∗
dt2
a3/2√
2E
e−
3
2
Hsr(t2−t∗) sin[m(t2 − t∗)]eiE(t2−t∗)u˙∗k(t2)
]
. (3.44)
Apparently, (3.44) may seem to be suppressed by the factor 1/µ like Cconv2. However, it turns
out that non-trivial contributions arise around the time t1 = tk determined by
k
a(tk)
∼ m,
which is the time when resonance effects from the Hubble deformation appear. Around the
time t2 = tk, sin[m(t2 − t∗)]u˙∗k(t2) has non-oscillating components (whose time-dependence is
negligible compared to E) so that the t2-integral in (3.44) can be performed as∫ t1
t∗
dt2
a3/2√
2E
e−
3
2
Hsr(t2−t∗) sin[m(t2 − t∗)]eiE(t2−t∗)u˙∗k(t2)
' 1
iE
a3/2√
2E
e−
3
2
Hsr(t1−t∗) sin[m(t2 − t∗)]eiE(t1−t∗)u˙∗k(t1) , (3.45)
which implies that adiabatic and isocurvature perturbations around t ∼ tk are converted to
each other instantaneously. We therefore obtain the following expression for (3.44):
Cconv2 ' −16α2m2 ˙¯φ2sr Re
[∫ ∞
t∗
dt1
a3
2iE2
e−3Hsr(t1−t∗) sin2[m(t1 − t∗)]
(
u˙∗k(t1)
)2]
= 8α2M2PlH˙sr Re
[
i
∫ ∞
t∗
dt1 a
3m
2
E2
e−3Hsr(t1−t∗)
(
1− cos[2m(t1 − t∗)]
)
u˙2k(t1)
]
. (3.46)
When t1 ∼ tk, non-oscillating components appear in cos[2m(t1−t∗)]u˙2k(t1) so that the t1-integral
has a non-trivial contribution from t1 ∼ tk, which can be observed as the resonance in Fig. 4.
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It is also notable that (3.46) can be written up to higher order terms in 1/µ as
Cconv2 = −2M2PlH˙sr Re
[
i
∫ ∞
t∗
dt1 a
3 8m
2
E2
κ(t1)u˙
2
k(t1)
]
, (3.47)
which takes a similar form as CδH . Since the leading contribution in the t1-integral arises
from t1 ∼ tk, we can further rewrite Cconv2 in the following way:
Cconv2 ' −2M2PlH˙sr Re
[
i
∫ ∞
t∗
dt1 a
3 4m
2
E2
κ(t1)
(
u˙2k(t1)−
(∂iuk)
2
a2
)]
' −2 Re
[
i
∫ ∞
t∗
dt1 a
3(2M2PlH˙srκ(t1))
(
u˙2k(t1)−
(∂iuk)
2
a2
)]
, (3.48)
where we used the relation u˙2k = −
(∂iuk)
2
a2
in the heavy mass limit and the relation E2(tk) =
2m2. Surprisingly, we obtained the relation Cconv2 = −CδH in the heavy mass limit, which
suggests that the resonance effects from the Hubble deformation and the conversion interaction
cancel each other out.
To summarize, at the scale k & µk∗, the leading contribution from the conversion interaction
arises from t ∼ tk and resonance effects are induced. In particular, it is suggested that the
resonance in CδH and Cconv cancels each other out in the heavy mass limit. In the next subsection,
we confirm this cancellation by numerical calculations. At the end of this section, it is also
discussed from the effective interaction perspective that this kind of cancellation generically
occurs in a wider class of models with heavy field oscillations.
3.3 Total power spectrum
Now we combine the results in the previous two subsections and evaluate the total deviation
factor C = CδH + Cconv. As depicted in Fig. 6, we can observe the resonance cancellation dis-
cussed in the previous subsection and no resonance appears in the power spectrum after taking
into account both of the Hubble deformation effects and the conversion effects appropriately.
An important consequence of this cancellation is that the peak at the turning scale becomes
clearer and the analytic expression (3.40) describing the peak around the turning scale becomes
24
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Figure 6: Total deviation factor C. The blue/red dots are numerical results for C/Cconv. The
orange curve is the analytic result for −CδH . It is observed that the resonances in Cconv and
−CδH well coincide in the heavy mass region so that these resonance effects disappear in the
total deviation factor C.
applicable to the total deviation factor C in the whole scale:10
C ' µα2 (sinx∗ − x∗ cosx∗)
2
x3∗
. (3.49)
As shown in Fig. 7, this analytic expression provides a good approximation.
10 Interestingly, our analytic expression (3.49) for the total deviation factor C exactly coincides with the sudden
turning limit of Fh in [17], where the power spectra in a wider class of models with turning potentials were
investigated via the potential basis. Our deviation factor C corresponds to ∆P/P0 = Fl + Fh + Flh there and
the sudden turning limit is realized by µ→∞ in their language. As we have mentioned in the introduction and
footnote 7 in Sec. 2.3.2, the calculation in the potential basis suffers from spurious singularities. Correspondingly,
Fl and Flh diverges in the limit µ→∞. Based on our results, we expect that Fl and Flh will cancel each other
out and the total deviation factor there will reduce to the form ∆P/P0 = Fh in the sudden turning limit.
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Figure 7: Heavy mass approximation for the total deviation factor C (upper figures and lower left
figure). The analytic expression (3.49) denoted by the red curve provides a good approximation
for the full total deviation factor C (blue dots). As is suggested from the expression (3.49),
the shape of C does not depend on the mass m up to a normalization factor proportional
to µα2 (lower right figure; the red/orange/green/blue dotes are numerical results of C for
m = 5Hsr/10Hsr/20Hsr/32Hsr).
3.4 On resonance cancellation for more general settings
In this section we have discussed the effects of sudden turning potentials on the primordial
power spectrum. In particular, we found a non-trivial resonance cancellation between the
Hubble deformation effects and the conversion effects. Before closing this section, we would
like to point out that this kind of resonance cancellation generically occurs in more general two
field models with canonical kinetic terms.
With this class of models in mind, let us first consider the following action:
S =
∫
d4x a3
[
−M2PlH˙
(
p˙i2 − (∂ipi)
2
a2
)
+
1
2
(
σ˙2 − (∂iσ)
2
a2
−m2σ2
)
− 2β1p˙iσ
]
, (3.50)
where pi and σ correspond to the Goldstone boson and the massive isocurvature perturbation
26
in the kinetic basis, respectively. Suppose that the Hubble parameter can be decomposed into
the slow-roll part Hsr and the oscillating part δH,
H = Hsr + δH , (3.51)
and Hsr satisfies the slow-roll conditions sr = −H˙sr/H2sr  1 and ηsr = ˙sr/(Hsrsr)  1. We
also assume that δH can be treated as perturbations: κ =
δH˙
H˙sr
 1. As discussed in Sec. 3.1.1,
when κ oscillates with a high frequency 2ω  Hsr, the mode k experiences the parametric
resonance around the time tk determined by
k
a(tk)
= ω due to the Hubble deformations.
We then consider the conversion effects. Suppose that the coupling β1 oscillates with a high
frequency ω˜  Hsr and the mass m of σ is also heavy m Hsr. In this setting, we would like
to integrate out the heavy field σ and to construct the effective action for pi. In general, when
the time-dependence of β1p˙i is comparable to the mass of σ, it is not possible to integrate out σ
in a simple manner and it is required to consider its full dynamics. As discussed in Sec. 3.2.2,
however, the time-dependence of β1p˙i becomes negligible when
k
a
∼ ω˜. In such a case, σ can be
integrated out and the conversion effects around the time t = t˜k defined by
k
a(t˜k)
= ω˜ can be
simplified in the following way (see e.g. [22] for a detailed discussion):∫
d4x a3
[1
2
(
σ˙2 − (∂iσ)
2
a2
−m2σ2
)
− 2β1p˙iσ
]
'
∫
dt
d3k
(2pi)3
a3
[
−1
2
(k2
a2
+m2
)
σ2 − 2β1p˙iσ
]
=
∫
dt
d3k
(2pi)3
a3
[
−m
2 + ω˜2
2
(
σ + β1p˙i
)2
+
2β21
m2 + ω˜2
p˙i2
]
→
∫
d4x a3
2β21
m2 + ω˜2
p˙i2 , (3.52)
where we used
ω
a(tk)
= ω˜ and σ was integrated out at the last arrow. Then, the dynamics of pi
at t ∼ t˜k can be described by the effective action
Seff =
∫
d4x a3
[
−M2PlH˙
(
p˙i2 − (∂ipi)
2
a2
)
+
2β21
m2 + ω˜2
p˙i2
]
. (3.53)
Here notice that the time tk of resonances from Hubble deformations and the time t˜k of those
from conversion interactions coincide if and only if ω = ω˜.
Finally, let us apply the above discussions to two-field models with canonical kinetic terms.
Suppose that a heavy field φ⊥ starts oscillating at some time t = t∗ and the action for t > t∗ is
given by
S =
∫
d4x
√−g
1
2
M2PlR−
∑
i=‖,⊥
1
2
∂µφi∂
µφi − Vsr(φ‖)− V⊥(φ⊥)
 . (3.54)
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Here Vsr is a slow-roll potential and φ⊥ is defined such that the massive potential V⊥ takes its
minimum value at φ⊥ = 0. Let us define the deviations ϕi of the background trajectory from
the single field slow-roll model as
φ¯‖(t) = φ¯sr(t) + ϕ1 , φ¯⊥(t) = ϕ2 . (3.55)
Then, applying our general discussions in Sec. 2, the action for the Goldstone boson in the
kinetic basis is given by (3.50) with the parameters
κ = 2
ϕ˙1
˙¯φsr
+
(
ϕ˙2
˙¯φsr
)2
, β1 = ϕ¨2 . (3.56)
Since the typical time-dependence of ϕ1 is of order Hsr, ϕ1 is irrelevant to the resonance effects.
We therefore concentrate on the effects of ϕ2 and introduce the frequency ω characterizing
the highly oscillating background ϕ2 as ϕ2 = α sin(ωt + θ), where the time-dependence of the
normalization factor α and the phase factor θ is negligible compared to ω. Notice that the
couplings κ and β1 oscillate with the frequency 2ω and ω, respectively, so that the resonance
effects from the Hubble deformation and the conversion effect appear at the same time. The
effective action (3.53) for pi at t ∼ tk can be then written as
Seff =
∫
d4x a3
[
−M2PlH˙sr
(
p˙i2 − (∂ipi)
2
a2
)
+
1
2
ϕ˙22
(
p˙i2 − (∂ipi)
2
a2
)
+
ϕ¨22
m2 + ω2
p˙i2
]
=
∫
d4x a3
[
−M2PlH˙sr
(
p˙i2 − (∂ipi)
2
a2
)
+
α2ω2
2
cos2(ωt+ θ)
(
p˙i2 − (∂ipi)
2
a2
)
+
α2ω4
m2 + ω2
sin2(ωt+ θ)p˙i2
]
. (3.57)
As discussed in Sec. 3.2.2, the
(∂ipi)
2
a2
interaction gives the same contribution as −p˙i2 when
k
a
 Hsr. Then, the interaction terms in (3.57) can be written effectively as
ϕ˙22p˙i
2 +
2ϕ¨22
m2 + ω2
p˙i2 = α2ω2
(
cos2(ωt+ θ) +
2ω2
m2 + ω2
sin2(ωt+ θ)
)
p˙i2 . (3.58)
In particular, when the mass of the heavy isocurvature σ coincides with the frequency of the
highly oscillating background ϕ2, m = ω, the oscillating features of the two interactions in the
action cancel each other out, which causes no resonance in the power spectrum:
ϕ˙22p˙i
2 +
2ϕ¨22
m2 + ω2
p˙i2 = α2m2p˙i2 . (3.59)
Note that the condition m = ω is always satisfied at the leading order in ϕi’s in the models
described by the action (3.54). We then conclude that no resonance appears in the power
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spectrum so that the important signature of this class of models is the peak at the turning scale,
whose analytic expression in the heavy mass approximation can be obtained straightforwardly
by extending the discussion in Sec. 3.2.1.
4 Primordial bispectrum
Let us next calculate the primordial bispectrum induced by the sudden turning potentials.
Using the relation ζ = −Hpi at the linear order, three-point functions of scalar perturbations ζ
can be obtained as
〈ζk1ζk2ζk3〉 = −H3〈pik1pik2pik3〉 . (4.1)
We define Bζ(k1, k2, k3) and Bpi(k1, k2, k3) by the three point functions without the delta function
factor:
〈ζk1ζk2ζk3〉 = (2pi)3δ(3)(k1 + k2 + k3)Bζ(k1, k2, k3) , (4.2)
〈pik1pik2pik3〉 = (2pi)3δ(3)(k1 + k2 + k3)Bpi(k1, k2, k3) . (4.3)
It is also convenient to introduce the conventional shape function S and fNL parameter:
S(k1, k2, k3) =
k21k
2
2k
2
3
(2pi)4P2ζ
Bζ(k1, k2, k3) , (4.4)
fNL(k1, k2, k3) =
10
3
k31k
3
2k
3
3∑
i k
3
i
1
(2pi)4P2ζ
Bζ(k1, k2, k3) = 10
3
k1k2k3∑
i k
3
i
S(k1, k2, k3) , (4.5)
where Pζ is given at the leading order in slow-roll parameters as
Pζ = 1
(2pi)2
H2sr
2M2Plsr
. (4.6)
Using this expression, S(k1, k2, k3) and fNL(k1, k2, k3) can be related to Bpi(k1, k2, k3) as
S(k1, k2, k3) = −4M
4
Pl
2
sr
Hsr
k21k
2
2k
2
3Bpi(k1, k2, k3) , (4.7)
fNL(k1, k2, k3) = −10
3
4M4Pl
2
sr
Hsr
k31k
3
2k
3
3∑
i k
3
i
Bpi(k1, k2, k3) = 10
3
k1k2k3∑
i k
3
i
S(k1, k2, k3) . (4.8)
Let us then calculate the three point functions Bpi(k1, k2, k3) of pi using the in-in formalism. As
we introduced earlier, the interaction Hamiltonian of our model takes the form
H
(2)
int =
∫
d3x a3
[
θ(t− t∗)M2PlH˙srκ
(
p˙i2 − (∂ipi)
2
a2
)
+ 2β1p˙iσ
]
, (4.9)
H
(3)
int =
∫
d3x a3
[
θ(t− t∗)M2PlH˙srκ˙pi
(
p˙i2 − (∂ipi)
2
a2
)
+ β1
(
p˙i2 − (∂ipi)
2
a2
)
σ + 2β˙1pip˙iσ
+θ(t− t∗)λϕ2
6
σ3
]
. (4.10)
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Figure 8: Diagrams for the three-point functions of pi are classified into Bpi,δH , Bpi,δH , and
Bpi,δH with respect to the number of conversion interactions (upper figures). Examples of
corresponding diagrams for the in-in calculations are given in lower figures.
Corresponding to three types of diagrams depicted in Fig 8, Bpi(k1, k2, k3) contains three types
of contributions:
Bpi(k1, k2, k3) = Bpi,δH(k1, k2, k3) + Bpi,conv1(k1, k2, k3) + Bpi,conv2(k1, k2, k3) . (4.11)
The first contribution Bpi,δH(k1, k2, k3) originates from the first term in the cubic interaction
(4.10) and describes the Hubble deformation effects. It can be expressed in terms of the mode
functions and couplings as
Bpi,δH(k1, k2, k3) = 1
2M3Pl
3/2
sr (k1k2k3)3/2
Re
[
−i
∫ ∞
t∗
dt a3M2PlH˙srκ˙u
∗
k3
(
u˙∗k1u˙
∗
k2
+
k1 · k2
a2
u∗k1u
∗
k2
)]
+ (2 permutations) . (4.12)
The second and the third contributions, Bpi,conv1(k1, k2, k3) and Bpi,conv2(k1, k2, k3), describe the
conversion effects. They originate from the second and third terms and the last term in (4.10),
respectively. In terms of the mode functions and couplings, they can be written as
Bpi,conv1(k1, k2, k3) = 1
4M3Pl
3/2
sr (k1k2k3)3/2
Re
[
−i
∫ ∞
−∞
dt a3
{
2β1
(
u˙∗k1u˙
∗
k2
+
k1 · k2
a2
u∗k1u
∗
k2
)
F3(t)
+2β˙1(u
∗
k1
u˙∗k2 + u˙
∗
k1
u∗k2)F3(t)
}]
+ (2 permutations) , (4.13)
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Bpi,conv2(k1, k2, k3) = 1
4M3Pl
3/2
sr (k1k2k3)3/2
Re
[
−i
∫ ∞
−∞
dt θ(t− t∗) a3λϕ2F1(t)F2(t)F3(t)
]
,
(4.14)
where Fi(t) is a deformed propagator defined by
Fi(t) = −iv∗ki(t)
∫ ∞
t
dt′a32β1u˙∗kivki(t
′)− ivki(t)
∫ t
t∗
dt′a32β1u˙∗kiv
∗
ki
(t′)
+ iv∗ki(t)
∫ ∞
t∗
dt′a32β1u˙kivki(t
′) . (4.15)
In the rest of this section, we calculate each contribution and evaluate non-Gaussianities for
our models.
4.1 Hubble deformation effects
Let us start from the Hubble deformation effects Bpi,δH :
Bpi,δH(k1, k2, k3) = − Hsr
16M4Pl
2
sr
k3t
k31k
3
2k
3
3
× Im
[∫ x∗
0
dx
κ˙
Hsr
(1 + ix3)
(
x21x
2
2
x4
+
k1 · k2
k2t
(1 + ix1)(1 + ix2)
x2
)
e−ix
]
+ (2 permutations) , (4.16)
where kt = k1 + k2 + k3, xi = −kiτ , x = −ktτ , and x∗ = kt/k∗. The corresponding shape
function SδH is also given by
SδH(k1, k2, k3) =
1
4
k3t
k1k2k3
Im
[∫ x∗
0
dx
κ˙
Hsr
(1 + ix3)
(
x21x
2
2
x4
+
k1 · k2
k2t
(1 + ix1)(1 + ix2)
x2
)
e−ix
]
+ (2 permutations) . (4.17)
After some algebraic calculations, the following expression of SδH can be obtained:
SδH(k1, k2, k3) =
1
4
k3t
k1k2k3
Im
[∫ x∗
0
dx
κ˙
Hsr
(
i
2
α1α2α3x+
(1
2
∑
i>j
αiαj − 2α1α2α3
)
− i
2
∑
i
α2ix
−1 − 1
2
∑
i
α2ix
−2
)
e−ix
]
=
1
8
Im
[∫ x∗
0
dx
κ˙
Hsr
(
ix+
(∑
i>j
αiαj
α1α2α3
− 4
)
−
∑
i α
2
i
α1α2α3
(ix−1 + x−2)
)
e−ix
]
,
(4.18)
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where αi = ki/kt. This integral reduces to the following integral I˜(n, µ, x∗) defined by
I˜(n, µ, x∗) =
∫ x∗
0
dx
κ˙
Hsr
xne−ix , (4.19)
whose analytic expression can be obtained using the function I(δ, n, x) in (3.12) as
I˜(n, µ, x∗) = α2
[(3
2
− 27
8µ2
)
I(0, n, x∗) + (3 + 2iµ)
3
16µ2
I(2iµ, n, x∗) + (3− 2iµ)
3
16µ2
I(−2iµ, n, x∗)
]
.
(4.20)
In terms of I˜(n;µ;x∗), the shape function SδH(k1, k2, k3) is then given by
SδH(k1, k2, k3) =
1
8
Im
[
i I˜(1, µ, x∗) +
(∑
i>j
αiαj
α1α2α3
− 4
)
I˜(0, µ, x∗)
−
∑
i
α2i
α1α2α3
(
i I˜(−1, µ, x∗) + I˜(−2, µ, x∗)
)]
. (4.21)
From this expression, we first notice that there are no contributions of O(P−1/2ζ ) and higher
order so that large non-Gaussianities do not arise from the Hubble deformation effects unless
I˜ is large. Also notice that the shape function depends on αi only through the coefficients in
front of I˜. In the rest of this subsection, we discuss the scale-dependence and shape of SδH .
4.1.1 Scale-dependence of equilateral type non-Gaussianities
Let us first discuss the scale-dependence of the shape function SδH . As is clear from (4.21), the
scale-dependence of SδH is determined by that of the function I˜ once the shape of momentum
configurations is specified. For the equilateral momentum configurations αi = 1/3, for example,
we have
SδH(kt/3, kt/3, kt/3) =
1
8
Im
[
i I˜(1, µ, x∗) + 5 I˜(0, µ, x∗)− 9i I˜(−1, µ, x∗)− 9 I˜(−2, µ, x∗)
)]
.
(4.22)
As we discuss in Appendix B, the integral I(δ, n, x) for n = 1, 0, and therefore, I˜(δ, n, x) and
SδH suffer from singular behaviors in the region x  1, where the mode is deep inside the
horizon. This kind of singular behaviors deep inside the horizon are common in the interacting
theory and they are usually eliminated by assuming that the Bunch-Davies vacuum is realized
deep inside the horizon. In the bispectrum calculation of this paper, we subtract these singular
behaviors based on a similar assumption (see Appendix B). The scale-dependence of SδH before
and after the subtraction is displayed in Fig. 9, where resonance-like effects can be observed at
the scale k & 2µk∗. As discussed in [25], these resonance effects can be understood by noticing
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Figure 9: Scale-dependence of SδH for the equilateral momentum configurations and singular
behaviors deep inside the horizon. The exact results (4.21) for SδH (blue curves) oscillate and
linearly diverge in the region kt  k∗, where the mode k is deep inside the horizon. Based on
the assumption that the Bunch-Davies vacuum is realized deep inside the horizon, we eliminate
this kind of singular behaviors via the prescription discussed in Appendix B: We interpolate the
original function (blue curves) and the regularized function obtained by subtracting singular
behaviors (red curves) at the resonance scale k ' µkt.
that SδH contains the same integrals I as the Hubble deformation effects CδH on power spectra.
Using the stationary phase approximation as in Sec. 3.1.1, (4.22) can be estimated in the heavy
mass region as
∣∣SδH(kt/3, kt/3, kt/3)∣∣ ' ∣∣∣ µ
16
α2 Im [I(2iµ, 1, x∗)]
∣∣∣ ∼
 2
√
piα2µ5/2
(
k
µk∗
)−3
for x∗ & 2µ ,
0 for x∗ . 2µ .
(4.23)
As displayed in Fig. 10, the above estimation well agrees with the exact results. To summarize,
resonances in SδH(kt/3, kt/3, kt/3) appear at the scale kt & 2µk∗ and the size is of the order
α2µ5/2 in the heavy mass approximation.
4.1.2 Shape of SδH
We next discuss the shape of SδH(k1, k2, k3). Although shape functions are scale-invariant
S(k1, k2, k3) = S(λk1, λk2, λk3) in inflationary models with scale-invariance, those in our mod-
els are not scale-invariant because the sudden turning potentials and associated background
oscillations break the scale-invariance. We therefore need to specify both of the shape of mo-
mentum configurations and the maximum momentum in order to draw the conventional 3D
plot of bispectra. In Fig. 11, we plotted SδH around the resonance scale as a function of
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Figure 10: Scale-dependence of SδH for the equilateral momentum configurations. The red
curve is the exact expression for SδH with singular behaviors deep inside the horizon being
subtracted. The blue curve is the estimation based on the stationary phase approximation:
SδH = 2
√
piα2µ5/2
(
k/(µk∗)
)−3
.
k2/k1 and k3/k1, where k1 > k2 > k3 and the maximum momentum k1 is fixed. In this stan-
dard 3D plot, the shape function takes a wavy form and it is almost flat along the direction
k2 + k3 = constant [25]. We can also find a peak at the squeezed configuration k1 = k2  k3.
These features can be understood using the analytic expression (4.21) as follows: First, just as
discussions in Sec. 4.1.1, the integral I˜ can be estimated via the stationary phase approximation
as
I˜(n, µ, x) ' − i
2
α2µ I(2iµ, n, x) ∼ 23+n√pi α2
(µ
x
)3
µn+
3
2 . (4.24)
Then, the contribution from I˜(1, µ, x) dominates in (4.21) unless the prefactors
∑
i>j
αiαj
α1α2α3
and/or
∑
i
α2i
α1α2α3
are large. In other words, I˜(1, µ, x) dominates unless we take the squeezed
limit:
SδH(k1, k2, k3) ' 1
8
Im
[
i I˜ (1, µ, kt/k∗)
]
for α3 &
1
µ
, (4.25)
which depends only on the total momentum kt = k1 + k2 + k3. Because of this property, SδH
is almost flat along the direction k2 + k3 = constant. In the squeezed limit k1 = k2  k3,
on the other hand, the prefactors
∑
i>j
αiαj
α1α2α3
and
∑
i
α2i
α1α2α3
diverge so that a peak appears
at the squeezed point. Also notice that the peak becomes sharp for the large mass because
I˜ (1, µ, kt/k∗)
I˜ (0, µ, kt/k∗)
∼ µ and therefore the region in which I˜ (1, µ, kt/k∗) dominates becomes wider
for larger µ.
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Figure 11: Shape of SδH around the resonance scale with fixed maximum momentum. In the
left figure, −SδH/α2 with m = 5Hsr and k1 = 5k∗ is plotted as a function of k2/k1 and k3/k1.
In the right figure, SδH/α
2 with m = 20Hsr and k1 = 20k∗ is plotted as a function of k2/k1
and k3/k1. In this type of conventional 3D plots, SδH takes a wavy form and has a peak at the
squeezed momentum configuration k1 = k2  k3.
In order to make the above properties manifest, it may be convenient to introduce a different
type of 3D plots, where the total momentum kt is fixed instead of the maximum momentum k1
and the shape function is plotted as a function of α2 = k2/kt and α3 = k3/kt. As in the case of
the conventional 3D plot, we can take ki such that k1 > k2 > k3 without loss of generality and
the momentum conservation implies k1 < k2 + k3. In terms of α2 and α3, these conditions can
be rephrased as
k1 > k2 ↔ α1 > α2 ↔ 1 > 2α2 + α3 ,
k2 > k3 ↔ α2 > α3 ,
k1 < k2 + k3 ↔ α1 < α2 + α3 ↔ 1
2
< α2 + α3 , (4.26)
where we used α1 +α2 +α3 = 1. The region satisfying the above three conditions is depicted in
Fig. 12 and a close up of this region is given in Fig. 13, where the points corresponding to the
squeezed, equilateral, and folded momentum configurations are also described. As described in
Fig. 14, in this type of 3D plots, the shape function SδH takes a flat form in the region where
I˜ (1, µ, kt/k∗) dominates and it is clear that the peak at the squeezed configuration becomes
sharp for large mass. We will use both types of the 3D plots in the rest of this section.
4.2 Conversion effects
We next consider the conversion effects. After discussing properties of the deformed propagator
Fi(t), shape functions are evaluated.
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Figure 12: In the conventional 3D plots (the left figure), shape functions are plotted in the
region satisfying 1 > k2/k1 > k3/k1 and 1 > k2/k1 + k3/k1. On the other hand, in the 3D
plots with fixed total momenta (the right figure), they are plotted in the region satisfying
k1/kt > k2/kt > k3/kt and k1/kt > k2/kt + k3/kt, which can be rephrased in terms of α2 and
α3 as (4.26).
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Figure 13: Closeup of Fig. 12 with squeezed/equilateral/folded configurations depicted.
4.2.1 Deformed propagators
Let us first introduce an analytic expression for the deformed propagator Fi(t):
Fi(t) = 1
2MPl
1/2
sr k
3/2
i
ipie−piµ
2
[
x
3/2
i H
(2)
−iµ(xi)
∫ xi
0
dx′i
β1
Hsr
x′i
−1/2e−ix
′
iH
(1)
iµ (x
′
i)
+ x
3/2
i H
(1)
iµ (xi)
∫ xi∗
xi
dx′i
β1
Hsr
x′i
−1/2e−ix
′
iH
(2)
−iµ(x
′
i)
−x3/2i H(2)−iµ(xi)
∫ xi∗
0
dx′i
β1
Hsr
x′i
−1/2e+ix
′
iH
(1)
iµ (x
′
i)
]
, (4.27)
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m = 5Hsr, kt = 9k⇤ m = 20Hsr, kt = 45k⇤
Figure 14: Shape of SδH around the resonance scale with fixed total momenta. In the left
and right figures, SδH/α
2 with m = 5Hsr and −SδH/α2 with m = 20Hsr are plotted. The total
momenta are taken as kt = 9k∗ and kt = 45k∗, respectively. In this type of 3D plots, it is clear
that the region where I˜ (1, µ, kt/k∗) dominates becomes wide and the peak at the squeezed
configurations become sharp for large µ.
where xi∗ = αix∗. Using the relation
β1
Hsr
= θ(t− t∗) ˙¯φsr γ˙
Hsr
= θ(t− t∗)
√
21/2sr MPlHsr
γ˙
Hsr
, (4.28)
it is rewritten as
Fi(t) = Hsr√
2k
3/2
i
ipie−piµ
2
[
x
3/2
i H
(2)
−iµ(xi)
∫ xi
0
dx′i
γ˙
Hsr
x′i
−1/2e−ix
′
iH
(1)
iµ (x
′
i)
+ x
3/2
i H
(1)
iµ (xi)
∫ xi∗
xi
dx′i
γ˙
Hsr
x′i
−1/2e−ix
′
iH
(2)
−iµ(x
′
i)
−x3/2i H(2)−iµ(xi)
∫ xi∗
0
dx′i
γ˙
Hsr
x′i
−1/2e+ix
′
iH
(1)
iµ (x
′
i)
]
. (4.29)
It is useful to introduce the following indefinite integral D−(`, µ, x) analogously to D+(`, µ, x)
in (3.34):
D−(`, µ, x) =
∫
dx x−
1
2
+`e−ixH(1)iµ (x) , (4.30)
whose analytic expression is given by
D−(`, µ, x) = 2
iµx
1
2
+`−iµΓ(iµ)
ipi(1
2
+ `− iµ) 2F2
(1
2
− iµ, 1
2
+ `− iµ; 3
2
+ `− iµ, 1− 2iµ;−2ix
)
+ epiµ
2−iµx
1
2
+`+iµΓ(−iµ)
ipi(1
2
+ `+ iµ)
2F2
(1
2
+ iµ,
1
2
+ `+ iµ;
3
2
+ `+ iµ, 1 + 2iµ;−2ix
)
.
(4.31)
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Then, the deformed propagator Fi can be written in terms of D±(`, µ, x) as
Fi(t) = Hsr√
2k
3/2
i
F˜i(xi) , (4.32)
F˜i(xi) = −αpie
−piµ
2
[
x
3/2
i H
(2)
−iµ(xi)
∑
±
(−1)± (
3
2
± iµ)2
2µ
x
−( 3
2
±iµ)
i∗ D−
(3
2
± iµ, µ, xi
)
+ x
3/2
i H
(1)
iµ (xi)
∑
±
(−1)± (
3
2
± iµ)2
2µ
x
−( 3
2
±iµ)
i∗
(
D+
(3
2
∓ iµ, µ, xi∗
)
−D+
(3
2
∓ iµ, µ, xi
))∗
−x3/2i H(2)−iµ(xi)
∑
±
(−1)± (
3
2
± iµ)2
2µ
x
−( 3
2
±iµ)
i∗ D+
(3
2
± iµ, µ, xi∗
)]
, (4.33)
which reduces the calculation of conversion effects to one integral. In order to clarify qualitative
features of the deformed propagators Fi(t) and F˜i(xi), let us discuss their behaviors using the
heavy mass approximation. In particular, we consider the following two regimes:
ki
a(t)
∼ Hsr
and
ki
a(t)
∼ m  Hsr, or in other words, xi ∼ 1 and xi ∼ µ  1. Here we assume that t > t∗,
or equally, xi < xi∗.
1. F˜i(xi) in the regime ki
a(t)
∼ Hsr ↔ xi ∼ 1.
In this region, the mode function vki of the massive isocurvature can be expressed as
vki '
Hsr√
2µk3∗
( xi
xi∗
) 3
2
+iµ
(4.34)
up to a phase factor irrelevant to our discussions. Using this expression, F˜i can be
written as
F˜i(xi) ' i
µ
[
x
3/2
i
( xi
xi∗
)−iµ ∫ xi
0
dx′i
γ˙
Hsr
x
′ −1/2
i e
−ix′i
( xi
xi∗
)iµ
+ x
3/2
i
( xi
xi∗
)iµ ∫ xi∗
xi
dx′i
γ˙
Hsr
x
′ −1/2
i e
−ix′i
( xi
xi∗
)−iµ
− x3/2i
( xi
xi∗
)−iµ ∫ xi∗
0
dx′i
γ˙
Hsr
x
′ −1/2
i e
ix′i
( xi
xi∗
)iµ]
. (4.35)
Just as in the case of power spectra,
γ˙
Hsr
( xi
xi∗
)±iµ
contains a non-oscillating component,
γ˙
Hsr
( xi
xi∗
)±iµ
' ± i
2
αµ
[( xi
xi∗
) 3
2 −
( xi
xi∗
) 3
2
±2iµ]
, (4.36)
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and therefore, the leading contribution to F˜i in the heavy mass approximation is given by
F˜i(xi) ' α
2
( xi
xi∗
)3/2[
−
( xi
xi∗
)−iµ ∫ xi
0
dx′i x
′
ie
−ix′i
+
( xi
xi∗
)iµ ∫ xi∗
xi
dx′i x
′
ie
−ix′i +
( xi
xi∗
)−iµ ∫ xi∗
0
dx′i x
′
ie
ix′i
]
=
α
2
[( x
x∗
) 3
2
+iµ[
(1 + iαix∗)e−iαix∗ − (1 + iαix)e−iαix
]
−
( x
x∗
) 3
2
−iµ[
(1− iαix∗)eiαix∗ − (1 + iαix)e−iαix
]]
. (4.37)
Notice that (4.37) is of the order α and oscillates with a frequency ∼ µ. Also note that
it is of the order α2i in the limit αi = ki/kt → 0.
2. Fi(t) in the regime k
a(t)
∼ m 1↔ µ ∼ xi  1.
As we introduced at the beginning of this section, the deformed propagator Fi(t) is
given by
Fi(t) = −iv∗ki(t)
∫ ∞
t
dt′a32β1u˙∗kivki(t
′)− ivki(t)
∫ t
t∗
dt′a32β1u˙∗kiv
∗
ki
(t′)
+ iv∗ki(t)
∫ ∞
t∗
dt′a32β1u˙kivki(t
′) , (4.38)
and the phase factor of each integrand takes the form
∼ exp
[
i
(
±m± E ± k
a
)
t
]
= exp
[
i
(
±m±
√
m2 +
k2
a2
± k
a
)
t
]
. (4.39)
Here E =
√
m2 +
k2
a2
and the phase factor always oscillates with a frequency of the
order m. Therefore, the integral is suppressed by 1/m and Fi(t) can be roughly order
estimated as
Fi(t) ∼ 1
m
a3β1|vki |2u˙∗ki ∼
1
m2
β1u˙
∗
ki
. (4.40)
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Figure 15: Scale-dependence of Sconv1 for the equilateral momentum configurations. As in the
case of the Hubble deformation effects SδH , Sconv1 becomes singular deep inside the horizon.
Following the assumption that the Bunch-Davies vacuum is realized deep inside the horizon,
we subtracted such singular behaviors and the results after the subtraction are plotted in this
figure, where resonances can be observed at the scale k & 2µ.
4.2.2 Conversion effect 1
Now we evaluate the shape function Sconv1 for the first type of conversion effects. Using the
expressions (2.71) and (2.72) of the mode functions, the three-point function Bconv1 and the
corresponding shape function Sconv1 can be written as
Bpi,conv1(k1, k2, k3) = Hsr
8M4Pl
2
sr
k3t
k31k
3
2k
3
3
× Im
[ ∫ ∞
0
dx
{
θ(x∗ − x) γ˙
Hsr
(
x21x
2
2
x4
+
k1 · k2
k2t
(1 + ix1)(1 + ix2)
x2
)
+
(
θ(x∗ − x) γ¨
H2sr
+ δ(x− x∗)x γ˙
Hsr
)x21 + x22 + ix1x2(x1 + x2)
x4
}
× e−i(x1+x2)F˜3(x3)
]
+ (2 permutations) , (4.41)
Sconv1(k1, k2, k3) = −1
2
k3t
k1k2k3
× Im
[ ∫ ∞
0
dx
{
θ(x∗ − x) γ˙
Hsr
(
x21x
2
2
x4
+
k1 · k2
k2t
(1 + ix1)(1 + ix2)
x2
)
+
(
θ(x∗ − x) γ¨
H2sr
+ δ(x− x∗)x γ˙
Hsr
)x21 + x22 + ix1x2(x1 + x2)
x4
}
× e−i(x1+x2)F˜3(x3)
]
+ (2 permutations) . (4.42)
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From this expression, we can see that there are no contributions of O(P−1/2ζ ) and higher order
so that large non-Gaussianities do not arise unless the above integral is large. Using the analytic
expression (4.33), the calculation of Sconv1 reduces to one integration over x. We performed this
integral numerically and the scale-dependence of the shape function Sconv1 for the equilateral
momentum configurations are for example given in Fig. 15, where we find resonances around
the scale kt & 2µk∗ similarly to the case of Hubble deformation effects SδH . Let us then
order estimate these resonances by using the heavy mass approximation and comparing with
the Hubble deformation effects. As an example, we discuss the following contribution to the
bispectrum Bconv1:
Bconv1 3 1
4M3Pl
3/2
sr (k1k2k3)3/2
Re
[
−i
∫ ∞
−∞
dt a32β1u˙
∗
k1
u˙∗k2F3(t)
]
. (4.43)
Using (4.40), it can be roughly estimated as
∼ 1
2M3Pl
3/2
sr (k1k2k3)3/2
∫ ∞
−∞
dt a3
β21
m2
u˙∗k1u˙
∗
k2
u˙∗k3
∼ 1
2M3Pl
3/2
sr (k1k2k3)3/2
∫ ∞
t∗
dt a3ϕ˙22m
3u∗k1u
∗
k2
u∗k3 , (4.44)
where we used β1 ∼ ϕ¨2 ∼ mϕ˙2 and u˙ki ∼ (ki/a)uki ∼ muki . It is not difficult to see that the
integral (4.44) has a similar structure as the Hubble deformation effects Bpi,δH . Let us consider
the following contribution for example:
Bpi,δH(k1, k2, k3) 3 1
2M3Pl
3/2
sr (k1k2k3)3/2
Re
[
−i
∫ ∞
t∗
dt a3M2PlH˙srκ˙u˙
∗
k1
u˙∗k2u
∗
k3
]
. (4.45)
Picking up the oscillating component − ϕ˙
2
2
2M2PlH˙sr
∈ κ relevant to the resonance and using
ϕ¨2 ∼ mϕ˙2 and u˙ki ∼ muki , (4.45) can be estimated as
∼ 1
4M3Pl
3/2
sr (k1k2k3)3/2
∫ ∞
t∗
dt a3(2ϕ˙2ϕ¨2)u˙
∗
k1
u˙∗k2u
∗
k3
∼ 1
2M3Pl
3/2
sr (k1k2k3)3/2
∫ ∞
t∗
dt a3ϕ˙22m
3u∗k1u
∗
k2
u∗k3 , (4.46)
which takes a similar form as (4.44). We therefore conclude that resonance effects appear also in
the first type of contribution Sconv1 from the conversion interaction and the size of resonances
is the same as those in the Hubble deformation effects: the order α2µ5/2 in the heavy mass
approximation. As is expected from the above discussions, the shape of non-Gaussianities
around the resonance scale kt ∼ 2µk∗ is also similar to that of the Hubble deformation effects
SδH (see Fig. 16).
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Sconv1/↵
2 for m = 5Hsr, k1 = 5k⇤ Sconv1/↵2 for m = 20Hsr, k1 = 20k⇤
Sconv1/↵
2 for m = 5Hsr, kt = 8k⇤  Sconv1/↵2 for m = 20Hsr, kt = 45k⇤
Figure 16: Shape of Sconv1 around the resonance scale. Similarly to the Hubble deformation
effects SδH , the shape function takes a wavy form when plotted with the maximum momentum
k1 being fixed (upper figures) and has a peak at the squeezed configuration. In 3D plots
with fixed total momenta kt (lower figures), the flat region becomes large and the peak at the
squeezed configuration becomes sharp when the mass is heavy.
4.2.3 Conversion effect 2
Let us next evaluate the bispectrum for the second type of conversion effects. In terms of
x = −ktτ , Bpi,conv2 and Spi,conv2 can be written as
Bpi,conv2(k1, k2, k3) = Hsr
8M4Pl
2
sr
k3t
k31k
3
2k
3
3
λM2Plsr
H2sr
Im
[∫ x∗
0
dx
ϕ2
˙¯φsr/Hsr
1
x4
F˜1(x1)F˜2(x2)F˜3(x3)
]
,
(4.47)
Sconv2(k1, k2, k3) = −1
2
k3t
k1k2k3
λM2Plsr
H2sr
Im
[∫ x∗
0
dx
ϕ2
˙¯φsr/Hsr
1
x4
F˜1(x1)F˜2(x2)F˜3(x3)
]
. (4.48)
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Figure 17: Scale-dependence of Sconv2 for the equilateral momentum configurations. Here we
plotted S˜conv2 normalized as Sconv2 =
λα2
µ4
2M2Plsr
H2sr
α2S˜conv2. The shape function S˜conv2 has a
peak at the scale k ' 9k∗ as well as the resonances around the scale k & 2µk∗ and k & 4µk∗.
As discussed in Sec. 2.3.3, it is required from the perturbativity that
λα2
µ4
2M2Plsr
H2sr
. 1. With
this condition in mind, we rewrite the shape function as
Sconv2(k1, k2, k3) = −1
4
k3t
k1k2k3
λα2
µ4
2M2Plsr
H2sr
Im
[∫ x∗
0
dx
µ4
α2
ϕ2
˙¯φsr/Hsr
1
x4
F˜1(x1)F˜2(x2)F˜3(x3)
]
,
(4.49)
from which we can see that large non-Gaussianities do not arise unless the integral is large.
Using the analytic expression (4.33), the calculation of Sconv2 can be reduced to one integration
over x and we evaluated it numerically. The scale-dependence of the shape function Sconv2 for
the equilateral momentum configurations are for example given by Fig. 17, where we observe a
peak around the turning scale kt ' 9k∗ as well as resonances around kt & 2µk∗ and kt & 4µk∗.
We then estimate the size of the above peak and resonances using the heavy mass approx-
imation. Let us first discuss the resonances around kt & 2µk∗ and kt & 4µk∗. Extending
discussions for the case of Bconv1, the shape function Bconv2 in this region can be estimated as
Bconv2(k1, k2, k3) = 1
4M3Pl
3/2
sr (k1k2k3)3/2
Re
[
−i
∫ ∞
−∞
dt a3λϕ2F1(t)F2(t)F3(t)
]
∼ 1
4M3Pl
3/2
sr (k1k2k3)3/2
∫ ∞
−∞
dt a3λϕ2
β31
m6
u˙∗k1u˙
∗
k2
u˙∗k3
∼ 1
4M3Pl
3/2
sr (k1k2k3)3/2
∫ ∞
t∗
dt a3λ
ϕ˙42
m
u∗k1u
∗
k2
u∗k3
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∼ 1
4M3Pl
3/2
sr (k1k2k3)3/2
λα2
µ4
2M2Plsr
H2sr
×
∫ ∞
t∗
dt a3e−3Hsr(t−t∗) cos2[m(t− t∗)]ϕ˙22m3u∗k1u∗k2u∗k3 , (4.50)
where we used ϕ˙2 ' α ˙¯φsre− 32Hsr(t−t∗) cos[m(t− t∗)]. We first notice that cos2[m(t− t∗)]ϕ˙22 in the
integrand of (4.50) contains oscillating components with the frequencies 2m and 4m,
cos2[m(t− t∗)]ϕ˙22 =
1
8
α2 ˙¯φ2sre
−3Hsr(t−t∗)
(
cos[4m(t− t∗)] + 4 cos[2m(t− t∗)] + 3
)
, (4.51)
which induce the resonances around kt & 2µk∗ and kt & 4µk∗. The size of resonances can be
also estimated by comparing the Hubble deformation effects. Since the integral in (4.50) has
the same mass-dependence as the integrals in (4.44) and (4.46), its size can be estimated as
∼ α2µ5/2. Then, the resonances in the shape function can be estimated as
∼ λα
2
µ4
2M2Plsr
H2sr
α2µ5/2 . α2µ5/2 , (4.52)
where we used the perturbativity condition
λα2
µ4
2M2Plsr
H2sr
. 1. This estimation well explains our
numerical calculations in Fig 17.
We next discuss the peak around the turning scale. The shape function Sconv2 can be written
using the expression (2.75) as
Sconv2(k1, k2, k3) = −1
2
k3t
k1k2k3
λM2Plsr
H2sr
× Im
[∫ x∗
0
dx
iα
2µ
(
(x/x∗)
3
2
+iµ − (x/x∗) 32−iµ
) 1
x4
F˜1(x1)F˜2(x2)F˜3(x3)
]
,
(4.53)
and F˜i(xi) around the turning scale oscillates with high frequency ∼ x±iµ as given in (4.37).
Therefore, the integrand in (4.53) can be seen as a product of four oscillating functions ∼ x±iµ.
Since products of two xiµ’s and two x−iµ’s lead to non-oscillating components, the leading
contribution to (4.53) comes from these non-oscillating components. Using the previous order
estimate F˜i ∼ α, the integral is ∼ α4µ−1 so that the shape function Sconv2 around the turning
scale can be order estimated as
Sconv2 ∼ λM
2
Plsr
H2sr
α4µ−1 ∼ λα
2
µ4
2M2Plsr
H2sr
α2µ3 . α2µ3 , (4.54)
where the last inequality follows from the perturbativity condition
λα2
µ4
M2Plsr
H2sr
. 1. This
estimation well explains our numerical calculations in Fig. 17. The shape of Sconv2 around the
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eSconv2 for m = 5Hsr, k1 = 4k⇤  eSconv2 for m = 20Hsr, k1 = 4k⇤
 eSconv2 for m = 5Hsr, kt = 8k⇤  eSconv2 for m = 20Hsr, kt = 9k⇤
Figure 18: Shape of Sconv2. In the upper/lower figures, S˜conv2 is plotted with maximum/total
momenta being fixed. We observe that the shape function Sconv2 around the peak scale vanishes
at the squeezed configuration.
tuning scale can be also discussed in a similar way. As in Sec. 4.2.1, F˜3 behaves as ∼ α23 in the
squeezed limit α3 → 0 so that Sconv2 vanishes in this limit. This feature can be confirmed by
our numerical calculations in Fig. 18.
4.3 Total bispectrum
At the end of this section, let us summarize features in the bispectrum.
O(α2) contributions As we have discussed, the Hubble deformation effects SδH and the first
type of conversion effects Sconv1 are the second order in α and both of them have resonances at
the scale kt & 2µk∗. In contrast to the power spectrum, resonances from the two effects do not
cancel each other out and the size of total resonances are estimated as O(α2µ5/2). Around the
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turning scale, the shape functions have a peak at the squeezed momentum configuration and
the peak becomes sharp as the mass µ increases. Using the results of numerical calculations,
the fNL parameter can be read off as fNL ∼ α2µ5/2 ×O(1).
O(λα4) contributions On the other hand, the second type of conversion effects Sconv2 are
the fourth order in α and the first order in λ. Similarly to the other two contributions SδH
and Sconv1, Sconv2 also contains resonances. In this case, resonances appear around the scale
k & 4µk∗ as well as k & 2µk∗ and their size can be estimated as O
(λα2
µ4
2M2Plsr
H2sr
× α2µ5/2
)
. In
addition to the resonances, Sconv2 has a peak around the scale k ' 9k∗ and its size is estimated
as O
(λα2
µ4
2M2Plsr
H2sr
×α2µ3
)
. Also discussed that the shape function Sconv2 around the peak scale
vanishes in the squeezed limit. The fNL parameter around the resonance scale and at the peak
can be read off from the numerical results as
fNL ∼ λα
2
µ4
2M2Plsr
H2sr
× α2µ5/2 ×O(0.1) around the resonance scale , (4.55)
fNL ∼ λα
2
µ4
2M2Plsr
H2sr
× α2µ3 ×O(0.1) at the peak . (4.56)
Using the perturbativity condition
λα2
µ4
2M2Plsr
H2sr
. 1, we have
fNL . α2µ5/2 ×O(0.1) around the resonance scale , (4.57)
fNL . α2µ3 ×O(0.1) at the peak . (4.58)
To summarize, the bispectrum in our model has two features: resonances at k & 2µk∗
and a peak at k ' 9k∗. Because of the perturbativity condition, the leading contribution to
the resonances are from the Hubble deformation effects SδH and the first type of conversion
effects Sconv1. On the other hand, the peak arises from the cubic interaction σ
3 of massive
isocurvatures. Although a dominant feature changes depending on the parameter region, our
models are characterized by these two features.
5 Summary and discussion
In this paper, we discussed effects of heavy fields on primordial spectra in inflationary models
with sudden turning potentials. The deviation from single field slow-roll inflation arises from
the deformation of the Hubble parameter and the conversion interaction between the adiabatic
and the massive isocurvature perturbations, and those effects on the power spectrum and the
bispectrum are evaluated.
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As discussed in Sec. 3, resonance features in the power spectrum arise from both of the
two effects and their size can be estimated as ∼ α2µ1/2. Interestingly, resonance effects from
the two effects have negative correlations generically and, in particular, it was explicitly shown
that such resonance effects cancel each other out for the case with the canonical kinetic terms.
This resonance cancellation is an important feature in models with canonical kinetic terms, and
therefore, it can be a useful probe to distinguish models with canonical kinetic terms from those
with non-canonical ones. To investigate this possibility, it would be interesting to extend our
discussions to more general setups such as those with non-canonical kinetic terms or derivative
interactions [18, 25]. We will discuss this subject elsewhere [33]. The power spectrum also has
a peak at the turning scale. This feature originates from the conversion effect and its size can
be estimated as ∼ α2µ. In the case with the canonical kinetic terms, this peak feature becomes
clear because of the resonance cancellation. In particular, the total deviation factor C = ∆PζPζ
from single field slow-roll inflation can be estimated using the heavy mass approximation as
C ' Cconv ' µα2 (sinx∗ − x∗ cosx∗)
2
x3∗
, (5.1)
which takes the maximum value C ∼ 0.43µα2 at the scale x∗ = k/k∗ ∼ 2.46. It is important
that we can extract the scale heavy field oscillations occurred from the peak position. In general,
it is known that spiky features in primordial power spectra can induce wavy features on the
CMB power spectra (see e.g. [37, 38]). It would be interesting to investigate the imprint of
this peak feature on the CMB power spectrum for example: the remnant of primordial peak
features will tell us when heavy field oscillations occurred during inflation.
As discussed in Sec. 4, the bispectrum has resonance and peak features. In contrast to the
case of power spectra, the resonance cancellation does not occur in the bispectrum and both of
the resonance and peak features characterize this class of models with heavy field oscillations.
The size of the resonance and the peak can be estimated as. α2µ5/2×O(1) and. α2µ3×O(0.1),
respectively. Although the size of bispectra is not necessarily large in the perturbative regime,
it would be interesting to search for this kind of scale-dependent non-Gaussianities in the
observational data. An important point is that resonance features in primordial bispectra
generically appear in models with heavy field oscillations (even in the case of canonical kinetic
terms). Therefore, if the remnant of primordial resonance features is observed in the bispectra,
it will suggest the existence of heavy field oscillations during inflation and, in particular, we
can extract the mass of heavy fields from the scale of primordial resonances. Since resonance
features do not appear in the power spectra for the case with canonical kinetic terms, we
will further obtain details of kinetic terms by combining the analysis of primordial resonance
features in the power spectra and the bispectra.
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Figure 19: Turning potential with turning radius r and turning angle α.
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A Sudden limit of turning potentials
In this appendix we introduce a class of turning potentials and discuss its sudden turning limit.
Suppose that the potential has a slow-roll direction and its orthogonal direction is massive.
When the slow-roll direction is along a smooth curve, we can take a local coordinate (φ‖, φ⊥)
of the field space such that φ‖ is along the slow-roll direction and φ⊥ is orthogonal to it. In
such a case, it is also possible to define a separable potential at least locally:
V (φi) = Vsr(φ‖) + V⊥(φ⊥) , (A.1)
where Vsr and V⊥ are the slow-roll potential and the massive potential and φ⊥ = 0 is the bottom
of the massive potential. However, when the slow-roll direction is not smooth as in the case
of sudden turning potentials, it is not possible to define such a local coordinate frame and
to introduce a separable potential. This is nothing but the origin of the discontinuity in the
coordinate frame in Sec. 2.
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To clarify this subtlety and justify our discussion, let us consider a class of smoothly turning
potentials and discuss its sudden limit. As depicted in Fig. 19, we introduce a class of potentials
whose slow-roll direction turns with a radius r and an angular α. We also assume that the slow-
roll direction is straight before and after the turn. When the background trajectory turns along
the slow-roll direction with a velocity ˙¯φsr, the duration ∆t of the turn is given by
∆t =
rα
˙¯φsr
. (A.2)
We therefore would like to define the sudden turning potential by taking the limit ∆t → 0
with the turning angle α fixed. For careful treatments of this limit, let us introduce the polar
coordinate system (ρ, ω) of the field space in the turning regime such that (ρ, ω) = (0, ω)
coincides with the center of the turn. In this coordinate system, the massive direction coincides
with the radial direction and we can define the massive potential V⊥ as a function of r in the
region r > 0. Following the setup in Sec. 2, let us define the massive potential as
V⊥ =
m2
2
(ρ− r)2 + λ
4!
(ρ− r)4 . (A.3)
In terms of the coordinate (φ‖, φ⊥), the potential (A.3) can be written as
V⊥ =
m2
2
φ2⊥ +
λ
4!
φ4⊥ , (A.4)
which reproduces the massive potential in Sec. 2. An important point is that the description
(A.4) is valid only in the region φ⊥ < r. Since quantum fluctuations of massive fields during
inflation can be estimated as ∼ H
2
sr
m
, it is necessary to assume
H2sr
m
. r for the use of the
expression (A.4). Therefore, to define the sudden limit of the turning potential, we require
both of the following two conditions:
H2sr
m
. r , ∆t 1
Hsr
. (A.5)
Using the definition (A.2) of ∆t, these conditions can be rephrased as
H2sr
m
. r 
˙¯φsr
αHsr
=
√
2MPl
1/2
sr
α
∼ 104 × Hsr
α
, (A.6)
which can be naturally realized in our setup. We then define the sudden turning potential by
taking the limit ∆t→ 0 with α fixed and H
2
sr
m
. r satisfied. Based on this definition, the use of
the massive potential (A.4) can be validated and our discussions in Sec. 2 can be also justified.
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B Properties of the function I(δ, n, x)
As discussed in Sec. 3.1 and Sec. 4.1, the Hubble deformation effects CδH and SδH on primordial
spectra contain the function I(δ, n, x):
I(δ, n, x) =
∫ x
0
dx˜ (x˜/x)3+δx˜ne−ix˜
= i−1−n
(
1
ix
)3+δ [
Γ(4 + n+ δ)− Γ(4 + n+ δ, ix)
]
. (B.1)
In this appendix its asymptotic behavior in the limits x → 0 and x → ∞, and its properties
relevant to the resonance effects are discussed.
B.1 Asymptotic behavior of I(δ, n, x)
Let us start from the asymptotic behavior in the limits x→ 0 and x→∞. Using the asymptotic
expansions of the incomplete gamma function,
Γ(α, z) = Γ(α)− zα
∞∑
k=0
(−z)k
(α + k) k!
, (B.2)
the asymptotic behavior of I(δ, n, x) in the limit x→ 0 can be obtained as
I(δ, n, x) = xn+1
∞∑
k=0
(−ix)k
(4 + n+ δ + k) k!
(B.3)
=

0 for n = 0, 1 ,
1
3 + δ
for n = −1 ,
1
(2 + δ)x
− i
3 + δ
for n = −2 .
(B.4)
As discussed in Sec. 3.1 and Sec. 4.1, CδH and SδH contain I(δ, n, 2x∗) with n = 0,−1,−2 and
I(δ, n, x∗) with n = 1, 0,−1,−2, respectively. It may be therefore wondered that they diverge
in the limit x∗ → 0. However, using the expression (B.4), we can show that they vanish in this
limit so that they are IR-safe:
lim
x∗→0
CδH(x∗) = 0 , lim
x∗→0
SδH(x∗) = 0 . (B.5)
Let us next consider the asymptotic behavior in the limit x → ∞. For this purpose, it is
convenient to note the following asymptotic expansions:
Γ(α, z) = e−zzα−1
(
1− 1− α
z
+O(z−2)
)
. (B.6)
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Using this expansions, it follows that
I(δ, n, x) = −i−1−ne−ix(ix)n
(
1 +
3 + n+ δ
ix
+O(x−2)
)
=

e−ix(ix+ 4 + δ) for n = 1 ,
ie−ix for n = 0 ,
0 for n = −1,−2 ,
(B.7)
which oscillates and diverges for n = 0, 1 in the large x region. As in the case of the x→ 0 limit,
it follows from (B.7) that these singular behaviors cancel out in CδH(x∗) and it vanishes in the
x∗ →∞ limit: lim
x∗→∞
CδH(x∗) = 0. On the other hand, however, such cancellation does not occur
in SδH and it turns out that the bispectrum SδH is singular in this limit: lim
x∗→∞
SδH ∝ x∗e−ix∗ .
Note that the mode k = −x/τ is deep inside the horizon in the region x  1. This kind
of oscillating singular behaviors are common in the interacting theory and they are usually
eliminated by the i-prescription, which is based on the assumption that the Bunch-Davies
vacuum is realized deep inside the horizon. Following this physical assumptions, we would like
to eliminate such oscillating parts from SδH and introduce the following regularized functions
I reg(δ, 1, x) and I reg(δ, 0, x):
I reg(δ, 1, x) = I(δ, 1, x)− e−ix(ix+ 4 + δ) , (B.8)
I reg(δ, 0, x) = I(δ, 0, x)− ie−ix , (B.9)
which vanish in the x→∞ limit. Note that the resonance features in I are well reproduced by
I reg as in Fig. 20. In the bispectrum calculation of this paper, we use the original function I
for x . 2µ and the regularized function I reg for x & 2µ. Physically speaking, this interpolation
procedure corresponds to assume that the Bunch-Davies vacuum is realized before the resonance
era, where the mode is deep inside the horizon. In the following subsections, we discuss the
relation between our procedure and the stationary phase approximation, which is often used to
evaluate integrals of oscillating functions.
B.2 Stationary phase approximation for I(δ, n, x)
Let us then apply the stationary phase approximation to the function I(δ, n, x):
I(δ, n, x) =
∫ x
0
dx˜ (x˜/x)3+δx˜ne−ix˜
= x1+n
∫ 1
0
dy y3+neiΩ(y) with Ω(y) = −iδ ln y − xy . (B.10)
It is obvious from this expression that the phase factor eiΩ highly oscillates for large x and the
integral is suppressed by its frequency unless the phase function Ω(y) has a stationary point
51
x x
x
10 20 30 40 50 60
-60
-40
-20
20
40
60
µ =
p
25  9/4
Im
⇥I(2iµ, 1, x)⇤
50 100 150 200
-400
-200
200
400
µ =
p
400  9/4
Im
⇥I(2iµ, 1, x)⇤
10 20 30 40 50 60
-3
-2
-1
1
2
3
µ =
p
25  9/4
Im
⇥I(2iµ, 0, x)⇤
50 100 150 200
-10
-5
5
10
µ =
p
400  9/4
x
Im
⇥I(2iµ, 0, x)⇤
Figure 20: Comparison of I reg (red) and I (blue). The regularized function I reg well reproduces
the resonance features circled with thick red curves of the original function I while singular
behaviors deep inside the horizon are removed appropriately.
Ω′ = 0. While it has no stationary points for δ = 0,−2iµ, there is a stationary point for the
case δ = 2iµ:
Ω′(y∗) = 0 ↔ y∗ = 2µ
x
. (B.11)
The integral has a non-negligible contribution around this stationary point, which can be ob-
served as the resonance. Let us then evaluate I(2iµ, n, x) using the following Gaussian approx-
imation:
I(2iµ, n, x) ' x1+n(y∗)3+neiΩ(y∗)
∫ 1
0
dy exp
[
i
2
Ω′′(y∗)(y − y∗)2
]
= x1+n
(
2µ
x
)3+n+2iµ
e−2iµ
√
4µ
x2
∫ x√
4µ
−√µ
−√µ
dy˜ exp
[−iy˜2] . (B.12)
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Figure 21: Stationary phase approximation for I. The red curves are results of the stationary
phase approximation and the blue ones are the original function I. Resonance features of the
original function are well reproduced except for x ∼ 2µ, where the approximation breaks down.
Also notice that singular behaviors deep inside the horizon are removed in this approximation.
For x & 2µ 1, we further approximate it as∫ x√
4µ
−√µ
−√µ
dy˜ exp
[−iy˜2] ' ∫ ∞
−∞
dy˜ exp
[−iy˜2] = √pi
i
. (B.13)
Note that the approximation becomes worse for x ∼ 2µ because the upper limit of the integral
becomes zero for x = 2µ:
x√
4µ
− √µ = 0 (see Fig. 21). Also note that the integral (B.12)
vanishes in the limit µ → ∞ for x < 2µ. By contour deformations of the integral (B.13), we
obtain the following expression of I(2iµ, n, x) in the stationary phase approximation:
I(2iµ, n, x) '
(
2µ
x
)3+2iµ
(2µ)n+
1
2
√
2pie−2iµ−
i
4
pi . (B.14)
As depicted in Fig. 21, the resonance effects in I(2iµ, n, x) are well reproduced by the stationary
phase approximation except for x ∼ 2µ, where the approximation breaks down as discussed
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Figure 22: Comparison of our interpolation procedure (red) and the stationary phase approx-
imation (blue). Both results well agree except for x ∼ 2µ, where the latter does not provide a
good approximation. The agreement for µ =
√
400− 9/4 is better than that for µ = √25− 9/4
because the use of these procedures is justified in the large µ region.
above. Also notice that singular behaviors deep inside the horizon are regularized and removed
in this approximation.
B.3 Interpolation procedure vs stationary phase approximation
Finally, we compare our interpolation procedure and the stationary phase approximation. As
we have discussed, both the procedures extract the resonance features in the integral by re-
moving singular behaviors deep inside the horizon. Our procedure is therefore considered to
be essentially the same as the stationary phase approximation. In fact, as depicted in Fig. 22,
their results well agree except for x ∼ 2µ, where the stationary phase approximation becomes
worse. It should be noticed, however, the use of these procedures is not necessarily justified
in the small µ region: First, the stationary phase approximation does not provides a good
approximation in such a region because higher order terms in 1/µ-expansions are dropped.
Second, our procedure is based on the assumption that the Bunch-Davies vacuum is realized
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deep inside the horizon. For small µ, however, the mode is not so deep inside the horizon at
the resonance era. Therefore, in order to justify the use of our procedure, it should be specified
how deep inside the horizon the Bunch-Davies vacuum is realized. In this sense, our procedure
depends on the details of the assumption in the small mass region. Reflecting these subtleties,
the agreement between both the procedures in the small µ region is not so well compared to
the large µ region.
To summarize, our interpolation procedure is essentially the same as the stationary phase
approximation and its use would be justified at least in the heavy mass region µ & 10. For
small µ, however, it may be not suitable for quantitative discussions because of the subtleties in
removing singular behaviors deep inside the horizon although it should be useful for qualitative
discussions even in the small µ region.
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